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ABSTRACT
Alterations in the protein and lipid components of lean fish species were studied 
to elucidate the nature of protein denaturation in Gadns morhua and 
Melanogrammus aeglefirms during frozen storage.
Frozen storage of lean fish, Gadus morhna and Melanogrammus aeglefinus led to 
the formation of ice crystals, which contributed to protein denaturation. Ice 
crystals were larger in fish fillets stored at -10°C compared to matching fillets 
stored at -30°C as studied by light microscopy at -20°C, which indicated 
damaged muscle fibre by compression.
Protein denaturation was also attributed to the effect of lipid oxidation 
products. The presence of oxygen in the muscle system and high, hydrolytic 
enzyme and lipoxygenase activity led to increased free fatty acids and lipid 
oxidation respectively. The peroxide value (PV), conjugated dienes, 
thiobarbituric acid reactive substances (TBARS) and olefinic to aliphatic protons 
ratio by aH NMR spectroscopy was indicative of oxidative deterioration of the 
lipid components of Gadus morhua and Melanogarmmus aeglefinus during frozen 
storage especially at ~10°C. The ratio of the C=C to the aliphatic groups as 
assessed by FT-Raman spectroscopy also decreased progressively over the 
frozen storage period. The NMR, conjugated diene and FT-Raman 
spectroscopic measurements were found to be effective and less labour intensive 
techniques for finger printing lipid oxidation than traditional methods.
Intact muscle analysis using differential scanning calorimetry (DSC) showed 
that protein components of the muscle were denatured resulting in altered Tm 
and AH values. FT-Raman spectroscopy of fish tissue confirmed changes in the 
proteins and showed decreased levels of a-helix and increased (3-sheet content 
(%) as well as changes in hydrophobic groups after frozen storage. These
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changes were pronounced in samples stored at -10°C compared to samples 
stored at -30°C.
Model systems of protein-lipid complexes were studied using DSC, FT-Raman 
spectroscopy and ELISA. The effect of lipids and the primary and secondary 
oxidation products altered the conformation of myosin, collagen and water 
soluble proteins during freezing and frozen storage. DSC parameters namely Tm 
and AH values indicated the degree of denaturation of fish proteins, when 
frozen in the presence and absence of lipids. It is proposed that ice crystal 
formation resulted in the removal of the hydration shell of the proteins and the 
overall rearrangement of the stabilising forces; this allowed protein-lipid 
interaction to take place and induced further protein denaturation.
Reduced immune affinity of the myosin-lipid systems towards the myosin 
antibody compared to the control native myosin indicated conformational 
changes of the myosin molecule.
The addition of lipids (DHA, EPA, extracted fish oil and hexanal) induced 
secondary structure changes in myosin over and above those caused by 
freezing. This was evidenced by decreased a-helix content with a concomitant 
increase of p-sheet structure, indicating myosin polymerisation. A decrease in 
the tryptophan band, and increase in the ratio of the dityrosine bands indicated 
changes in hydrophobic groups.
The model studies and the analysis of intact fish muscle of Gadns morhua and 
Melanogrammns aeglefinus suggest that protein denaturation occurred due to the 
concerted action of ice crystals, supercooled water molecules (unfrozen), high 
solute concentration, free fatty acids, and primary and secondary lipid oxidation 
products on the fish muscle proteins. Possible intervention schemes include, the 
addition of appropriate antifreeze glycoproteins, cryoprotectants and 
antioxidants.
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Abbreviations
AA Arachidonic acid
co-3 Omega three -Eicosapentanoic Acid and Docosahexeanoic Acid
<d - 6 Omega Six - Linoleic Acid and Linolenic Acid
DHA Docosahexanoic Acid
OX-DHA Oxidised Docosahexanoic Acid
EPA Eicosapentanoic Acid
OX-EPA Oxidised Eicosapentanoic Acid
G.A. Gadus m orhua
M.A M elanogrammus Aeglefinus
PV Peroxide Value
TBA Thiobarbituric Acid
TBARS Thiobarbituric Acid reactive substance
MDA M alondialdehyde
TEP T etraethoxy propane
HPLC High Performance liquid chromatography
FA Formaldehyde
4-HNE 4-hydroxynonenal
DSC Differential Scanning Calorimetry
AH Enthalpy Change
T o Onset tem perature
Tm Transition tem perature (Temeperature at Cex.max)
AT1/2 W idth of the transition in °C at Vi cex.max
Cex-timx The m aximum value of the excess apparent specific heat
LMM Light mero myosin
HMM Heavy mero myosin
HC Heavy chain
LC Light chain
WSP Water soluble proteins
FT Fourier Transform
Vo Excitation frequency
V S Vibration frequency
R o Relative Olefinic Protons
R m Relative Diallylmethylene protons
PUFA Poly unsaturated fatty acid
MUFA Mono unsaturated fatty acid
ELISA Enzyme linked Immuno Sorbent Assay
Ab Antibody
M Myosin
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L Lipid
M-L Myosin-Lipid
C Collagen
C-L Collagen-Lipid
Trp Tryptophan
PI Polyene index
MI Monoene index
BSA Bovine serum  albumin
CHD Coronary heart disease
ODS Octadecylsilane
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Chapter One: Introduction
1. Introduction
1.1 Forward: man’s quest
One of m an's im portant quests in life has always been to secure enough 
food. Man has taken tremendous measures to ensure that sustenance is 
available under all circumstances. This necessity has led to the innovation of 
various forms of preservation techniques, including salting, pickling, freeze 
drying and freezing. Freezing is one of the widely used food preservation 
m ethods in the West. However freezing is not a completely new idea of the 
last century, there is documentation of occurrences where carcasses of 
prehistoric animals, such as mammoths discovered in receding glaciers 
following accidental death, adventitious freezing and subsequent 
conservation for thousands of years. There have been references to the flesh 
of such animals being cooked and consumed (Holdworth, 1997). Clarence 
Birdseye was the inspiring father of the current industrialised freezing 
process, that is after he m anaged to weather freeze high quality fish during 
1912-1915.
The United Kingdom is a major consumer of frozen food amounting to 21 Kg 
per head/year. This study was aimed at elucidating lipid-protein alterations 
during frozen storage of fish. This is im portant since in the UK, Spain and 
Portugal, the countries that participated in a major EU project of which this 
study was part , high percentage of fish is frozen prior to consumption.
1.2 Fish as food
Man has always exploited the aqueous layer of the earth for food (Cutting, 
1962). Hence fish is one of the m ost abundant sources of nutrition and 
prom inent animal protein sources. Fish oil has been recognised as a health 
enhancing addition to the M editerranean and Eskimo diet for some time
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(Bang et al., 1971; Bang et al., 1980; Ackman, 1988; Schmidt, 1997). In
particular since the 1950s polyunsaturated fatty acids were recommended as 
desirable health enhancing dietary factors, omega three (co-3) and omega six 
(co-6) fatty acids are known to reduce the occurrence of coronary heart 
disease and cancer (Schmidt, 1997; Rose, 1997).
1.3 Demersal Species
Cod (Gadus morhua) and haddock ( Melanogrammus aeglefinus) are demersal 
fish, which live near or at the bottom of the sea. These are widely sought 
after for hum an consumption, due to their white flesh and lean 
characteristics. The m ost im portant features that attract consumers is that 
they have few bones beyond the skeletal tissue and mild flavour; the latter is 
thought to be due to the low lipid content of less than 1 %. Hence the strong 
flavour associated w ith fatty acid oxidation is reduced in lean demersal fish 
(Urch, 1997).
1.4 Structure and com position of demersal fish
1.4.1 Gross composition
The main composition of fish muscle is water, protein and lipids, which 
constitute up to 98% of the total mass of the fish (Venugopal & Shahidi,
1996). Other components such as sugars, vitamins and minerals are minor 
contributors to the total composition of fish, however their presence have 
significant biochemical role.
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Tablel.lrComposition (%) of cod and haddock
Species Moisture % 
(w /w )
Protein % 
(w /w )
Lipids % 
(w /w )
Gadus morhua 82.2 18.4 0.5
Melanogrammus
aeglefinus
81.2 18.1 0.8
Fat soluble vitamins present in fish are often at higher concentrations than in 
terrestrial animals. Lean fish generally contain less vitamin A, that is 25-50 
iu/lOOg compared to fatty fish which contain 300-1500 iu/lOOg. Vitamin E is 
present in the range of 0.15-0.2 mg/lOOg in lean fish. Water soluble vitamins 
are less dependent on the species type. Thiamine (6-634 pg/lOOg), riboflavin 
(11-1000 pg/lOOg) and niacin (200-2300pg/100g) are present in fish muscle. 
Fish contains slightly higher mineral content 0.6-1.5%(w/w) than terrestrial 
animals which include iron, potassium , copper, zinc, magnesium, selenium, 
cobalt, iodine and other minerals (Venugopal & Shahidi, 1996).
1.4.2 Structure
Fish muscle structure is different from that of mammalian muscle structure. 
Fish being aquatic do not require extensive support of their skeletal 
framework; hence the m usculature has evolved differently from that of 
terrestrial animals. Fish have large muscles that run laterally on both sides 
of the body; generally demersal fish muscles are white or off white colour. 
Fish muscles are separated by thin connective tissue membranes called 
mycommata into segments called myotomes. Each myotome is composed of 
muscle fibre running parallel to the long axis of the fish. The muscle fibres 
are generally less than 20 m m  long and 0.02-1 mm in diameter. Each fibre is 
surrounded by a membrane called sarcolemma which contains the 
collagenous fibrils (Mackie, 1993; Venugopal & Shahidi, 1996), (Fig. 1.1).
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Figure 1.1: Schematic structure of fish muscle. The myofibrils are 
segmented into sarcomeres, which are composed of thin and thick 
filaments, showing alternate arrangements of anisotropic (A) and 
isotropic (I) bands bordered by Z lines. The thick filaments are 
composed of myosin molecules and the thin filaments are actin.
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1.5 Lipid components of fish  m uscle
It has long been recognised that the handling and investigation of marine oils 
are far more delicate and complicated than terrestrial animal oils (Vaskovsky,
1988). Fresh and salt water fish contain significant levels of polyunsaturated 
fats (PUFA), especially eicosapentaenoic acid (co:3, C20:5N3) and
docosahexaenoic acid (co:6, C22:6). Total fat level also depends upon the 
seasonal variation, this is due to the availability of food, and in mature fish the 
stage of the breeding cycle. During spawning most of the fat is converted into 
reproductive tissue (Mackie, 1993). Lean fish such as cod {Gadus morhua) and 
haddock {Melanogrammus aeglefinus), mainly store their lipids in the liver, 
whereas the muscle contains only 0.5-1.5% in the form of functional lipid, such 
as lipoprotein and phospholipid of cellular membranes (Vaskovsky, 1988; 
Hearn et al., 1987). Fatty fish contain 3% - 15% (w/w) lipids which are stored 
under their muscles.
1.5.1 Fatty acids
Fatty acids as denoted by their name are acidic due to the presence of 
carboxylic acids. Fatty acids are broadly categorised into two classes; 
saturated (fatty acids saturated w ith hydrogen) and unsaturated. The m ost 
common saturated fatty acids have an even num ber of carbon atoms and 
have no functional groups apart from carboxyl groups. The unsaturated 
fatty acids have carbon-carbon double bonds. Fatty acids w ith a single 
double bond are called monounsaturated fatty acids, and those w ith m ore than 
one double bond are called polyunsaturated fatty acids. Animals including fish 
m ost commonly contain double bonds in the cis configuration, but yet fatty 
acids are seldom found free in cells, as they are toxic. Fatty ad d s  are 
normally present linked to phosphate groups in phospholipids and to
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glycerols in triacylglycerols. The salt form of fatty acids "soaps " have 
antibacterial action on the surface of the skin (Amend et al., 1990).
Saturated 
Fatty acid HaCT
Stearic acid (C l 8:0)
.COOH
MUFA
HaC
Oleic acid (C l8:1)
Linoleic acid (C l8:2, ©6)
'COOH
COOH
PUFA
HaC
HaC
Arachidonic acid (20:4, ©6)
'COOH
Eicosapentaenoic acid (20:5,©3)
COOH
Docosahexaenoic acid (22:6, ©3)
Figure 1.2: Structures of some common saturated, m ono-unsaturated and 
polyunsaturated fatty acids.
1.6 PUFA autoxidation in fish  
1.6.1 Oxygen
Oxygen exists in air as a diatomic molecule (O2). It is primarily produced in 
the earth's atmosphere by the green-blue algae, which split w ater to obtain 
hydrogen for metabolic reductions. All living organisms, except anaerobics
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and aero-tolerant organisms (unicellular) need O2 for efficient production of 
energy by the use of oxygen dependent electron transport chain, for instance 
in mitochondria of eukaryotic cells. Despite its im portant aspects, oxygen is 
a mutagenic gas and a high fire risk. Aerobics use oxygen and survive its 
harm ful effects by the antioxidant defence mechanism they have developed. 
O2 released in the atmosphere is partly converted into O3. O3 and O2 have 
tremendous ability to filter Solar-UV light ( Halliwell & Gutteridge, 1999).
1.6.2 Oxygen toxicity
Oxygen levels higher than 21 % are know n to be toxic to animals and plants. 
O2 toxicity is due to the production of oxygen free radicals. O2 readily reacts 
to form partially reduced species, which are generally short-lived and are
highly reactive, they include, superoxide anion (0 2)/ hydrogen peroxide
(H2O2 ) and one of the m ost reactive species hydroxyl radical (HO‘). Oxygen 
reactive species are implicated in many biological processes, such as food off 
flavours and deterioration, diseases and natural phenomena such as aging 
(Khayat & Schwall, 1983; Acworth & Bailey, 1995; Haliwell & Gutterdige, 
1999; Rose, 1999).
The superoxide radical is formed w hen an electron is added to the molecular 
oxygen (reaction one):
Hydrogen peroxide is produced by several reactions, including those 
catalysed by superoxide dismutase (SOD), It is also made from superoxide 
as follows (reaction two):
0 2 ‘ +  H
2HO->
-► H 0 2 ( Hydroperoxyl Radical)
H2O2 +O2
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The hydroxyl radical is short lived and spontaneously converted into 
hydrogen peroxide and water. It has the ability to transverse the plasma and 
nuclear membrane thereby forming DNA adducts as it enters the nuclear 
compartments. It is also involved in the formation of protein cross links (Li 
& King, 1999; Srinvasan & Hultin, 1995; Aubourg, 1993).
Hydroxyl radicals can be formed by either superoxide anion ( Haber-Weiss 
reaction) or from hydrogen peroxide (Fenton reaction). These reactions are 
facilitated by the presence of transition metal ions in the fish tissue, such as 
iron and copper (reaction three).
o2 + h 2o 2 -----► 0 2 + HO' +HO' (Haber-W eiss)
Fe^  +H20 2 _ p. Fe3+ + HO + HO' (Fenton)
1.6.3 L ipid peroxidation: m echanism
Fish lipids are peroxidised by any species that have the capability to abstract 
an hydrogen atom from a methylene (-CH2-) group. These species favour 
PUFA, as fatty acids with one double bond or no double bond are very 
resistant to hydrogen abstraction. Fish tissues are rich in PUFA, which are 
prone to oxidative damage. The presence of double bonds on either side of 
the -C H 2- (allylic hydrogen) weakens the energy of attachment of the 
hydrogen atom on the carbon atom; this arrangem ent gives bis-allylic 
hydrogen. Hydroxyl radicals can initiate peroxidation readily, reaction four 
( Barber .& Thomas, 1978, Halliwell & Gutterdge, 1999).
-CH2- +OH# — ► -C*H- + H20
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This reaction is only possible if the hydroxyl radical reaches the PUFA w ith 
out reacting with any other molecule in the process. The presence of w ater
w ithin the cells facilitates the formation OH' W hen it undergoes homolysis.
Superoxide radicals are not capable of abstracting an H  atom, this is thought 
to be due to its charge which prevents it from crossing the hydrophobic 
interior of cell membranes. One exception is the protonated form of the
superoxide radical, that is, HO *2 which is not charged and may take part in 
the peroxidation of lipids.
Lipid peroxidation is propagated on the basis that once H* is abstracted
from the -CH2-, the unpaired electron is left on the carbon atom ( -CH-). 
This process is more accessible on the bis-allylic hydrogen, hence the greater 
the double bonds per fatty acid, the higher the degree of oxidizability. Thus 
EPA (five double bonds) and DHA (six double bonds) are five and six times 
more likely to be oxidised than oleic acid (one double bond) respectively. 
This automatically raises concerns about the rate of rancidity of fish oils in 
various forms, including fish fillets, fish meal, fish oil supplements (which 
are kept in chemist and health food stores at room tem perature on the 
shelves ) for a lengthy period of time. Oxidised fish oil may not fulfil the 
possible health benefits and may even be toxic.
Carbon radicals are usually stabilised by the formation of conjugated dienes 
(Fig. 1.2). There are several other reactions that carbon radicals can undergo, 
including with O2 which is a hydrophobic molecule and is often 
concentrated in the interior region of cell membranes to give a peroxyl
radical (ROO*), (reaction five).
R*+02 __^  ROO* ____  .
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Peroxyl radicals propagate lipid peroxidation by abstracting other hydrogen 
atoms from other lipid molecules, such as fatty acid side chains. The carbon 
radical generated reacts w ith other O2 to generate another peroxyl radical, 
thereby continuing the chain reaction of lipid peroxidation. The peroxyl 
radical combines w ith an abstracted hydrogen to form lipid hydroperoxide 
(LOOH). The num ber of lipid peroxides generated increases w ith increasing
num ber of double bonds. This is due to the fact that H* can be abstracted 
from different methylene positions of the fatty acid simultaneously 
(Gardner, 1989).
Other likely reactions include the collision of two carbon radicals to generate 
a cross linked fatty acid which does not sustain the propagation step of the 
reaction thereby terminating the reaction by forming non-radical product, 
(reaction five):
R-C’H + R-C‘H >  R-CH-CH-R
I I
However if the concentration of oxygen in the system is low, as may be the 
case in fish fillets after post mortem stages in polythene bags, the above 
mentioned reaction (reaction six) may take place; in addition other possible 
reactions include w ith SH- groups of proteins and DNA (Esterbauer et al., 
1993)
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Lipid bilayer of a 
cell membrane
initiation of 
peroxidation Hydrogen atom removal can take 
place at several places in the 
cha i n
Molecular rearrangement
0 2
O'2
Lipid
peroxyl
radical
Major reaction
PUFA -H. is abstarcted from
neighbouring PUFA
0 2H
Lipid peroxide plus a new carbon centered 
radical that continues that continues the 
reaction
Figure 1.3: A schematic diagram to show PUFA oxidation. PUFA 
can be available as a result of phospholipid hydrolysis which is 
then oxidised by a simple initiation reaction, which can occur at 
more than one position in the acyl chain. The chain reaction is 
propagated to generate more than one peroxide molecule.
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1.6.4 Formation of m alondialdehyde
M alondialdehyde (MDA) mainly results from the oxidative degradation of 
PUFA. In fish the main precursors for the MDA production are EPA and 
DHA. Pryor & Stanley (1975) proposed a possible mechanism of formation 
of MDA. It involves the formation of bicyclo-endoperoxides as 
intermediates, which subsequently break dow n to free MDA by thermal or 
acid catalysed reactions. Esterbauer et al., (1993) further proposed a 
mechanism for the production of MDA from PUFA. The principal step in 
the case of arachidonic acid is the successive degradation of the fatty acid 
and formation of hydroperoxides followed by p-cleavage, which then yields 
MDA by p-scission or acrolein radical, this reacts further with the OH-radical 
to produce MDA in the enol form.
5-00H 15-00H
COOH
CHO
OOH
00H
B A
o o
•CH “ CH CHO
OH
H H
Figure 1.4: Possible mechanism of formation of MDA through 
autoxidation of intermediate polyunsaturated aldehydes derived from 
P-cleavage of 5-hydroperoxy arachidonic acid. The p-scission (A) 
and the acrolein radical (B) paths are shown, (Esterbauer et al, 1993)
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1.7 PUFA in health and disease
1.7.1 Atherosclerosis
Cardiovascular disease is claimed to be the main cause of death in W estern 
Europe and America (Ross, 1993). Atherosclerosis is characterised by the 
thickening of the inner wall of the artery, tunica intima. Generally three 
types of thickening are recognized. They are fatty streaks, slightly raised, 
yellow narrow  and longitudinally lying areas; they are described by the 
presence of the characteristic foam cells, which are lipid laden distorted 
cells that can arise from endogenous smooth muscle and from 
macrophages. Fatty streaks lead to the development of fibrous plaques, 
round raised lesions and are a centimetre or so in diameter, they consist of 
smooth muscle basem ent membrane covering an area rich in collagen, 
proteoglycans, elastins and cholesterol crystals plus a debris of necrotic 
cells.
1.7.2 Relationship between fat intake and atherosclerosis
Fatty streaks are usually present in the arteries of people on a W estern diet 
(Halliwell & Gutteridge, 1999). They are even present in the foetus which is 
affected by the plasma cholesterol level of the mother. Consumption of 
oxidised fats in industrialised countries has been suggested as having a 
putative role in the atherogenic process (Kubow, 1993). Lipid 
hydroperoxides were shown to accelerate the process of endothelial injury, 
the progressive phase in which there is accumulation of plaque and the 
final termination phase of thrombosis. Oxidised lipids were also found in 
atherosclerotic lesions. The foam cells which are partly formed of low
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density lipoprotein (LDL) were found to be oxidised, prior to their 
engulfment by the macrophages (Kubow, 1993).
1.7.3 Atherosclerosis and  in tervention mechanism  of PUFA
PUFA are essential in the hum an diet, and the different types of PUFA, that 
is the co-3 and co-6 fatty acids have to be delivered in an appropriate ratio to 
be effective. Dietary PUFA are incorporated into the cell membrane of 
hum an cells and can alter their physical properties, such as cell 
permeability and signal transduction processes (Schmidt, 1997; Lands, 
1992). Arachidonic acid (co-6) can be released from cell membranes and 
subsequently gets metabolised into active substances such as, thromboxane 
(TX)2 in platelets , leukotrienes in leukocytes and prostacyclin (PGI2) in 
endothelial cells, the umbrella name for these products is eicosanoids. 
Eicosanoids generated from co-3 PUFA have different biological activity 
compared to those from co-6 PUFA.
Table 1.2: Biological activity of eicosanoids derived from  co-6 and  co-3
co-6 PUFA ©-3 PUFA
Product Effect Product Effect
Vessel w all PGI2 Antiaggregatory
Vasodilation
PGI3 Sim ilar to PG I2
Platelets t x a 2 Proaggregatory
vasoconstriction
TXA 3 Inactive
Leukocytes l t b 4 Adhesion,
Degranulation,
Aggregation,
Chemotaxis
LTBs 5-10% of LTB4
PGI prostacyclin; TXA thromboxane; LTB leukotrienes
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The interest in co-3 PUFA was triggered by the epidemeological studies on 
Greenland Eskimos (Bang et al., 1971). The Eskimo inhabitants whose diets 
were based on seafood, seal and whale, were found to have very low 
incidence of coronary heart disease (CHD). This fact was accompanied by 
low plasma levels of total cholesterol (TC), triglycerides (TG), very low 
density lipoproteins (VLDL), low density lipoproteins (LDL), and in males 
increased level of heavy density lipoproteins (HDL) compared to the 
Danish controls (Bang et al., 1971). The Eskimos consumed about 14 g of oo- 
3 PUFA/ 3000Kcal. This was m irrored by the incorporation of co-3 PUFA 
into lipid fractions and platelet lipids at die expense of co-6 PUFA. Similar 
results were also observed in m iddle aged men uv Zutphen in The 
Netherlands, where fish consumption was found to be inversely correlated 
to the incidence of CHD. Japanese villagers who consumed fish as their 
habitual diet had reduced CHD incidence, reduced platelet aggregation 
(Hirai et al, 1989), low blood viscosity and increased plasma HDL 
(Schmidt, 1997).
It has been proposed that co-3 PUFA reduce TG synthesis by reducing the 
level of free fatty acids (saturated) available for the synthesis of TG and by 
the inhibition of the enzyme which controls TG synthesis. Furthermore co-3 
PUFA enhance the catabolism of very low density lipoprotein (VLDL) 
(Schmidt, 1997).
1.7.4 Cancer
At least one third of all hum an cancers are related to diet and exercise. 
Dietary fat intake has been found to have a causative effect upon prostate, 
breast and colon cancer (Potter, 1995; Rose, 1997). The hum an diet is
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composed of a variety of saturated and unsaturated fatty acids, such as 
palmitic acid (C16:0), stearic acid (0 8 :0 ) and other m edium /short chain 
fatty acids, including myristic (0 4 :0 ) and lauric acid (0 2 :0 ) which occur 
mainly in dairy fat, kernel oil, cocoa butter and meat.
The m ain unsaturated fatty acids in hum an diet are oleic (ds-C18:l, co-9) 
and linoleic acid {cis, cis-0 8 :1 , co-6). Rich sources of these unsaturated
fatty acids include olive oil and sunflower oil respectively. PUFA such as 
docosahexaenoic acid and eicosapentaenoic acid (co-3) and linoleic acid (co- 
6) are essential part of the diet; rich sources include cold water fish and 
sunflow er/corn oils respectively.
The importance of MUFA and PUFA in the reduction of cancer was 
observed in M editerranean inhabitants, the Eskimos and the Japanese. 
Greek wom en who consume 42% of their energy supply as fat, mainly from 
olive oil (co-9, monounsaturated) showed significantly lower breast cancer 
than Northern European and American women. The Eskimos who 
consume plenty of fish and meat from marine mammals, rich in co-3 PUFA 
and the Japanese w ho consume the highest fish per capita in the world; 
showed that they have the lughest level of co-3 PUFA and low rates of 
cancer of the breast and colon. These results are striking since these 
population consume high levels of fats (Barsch et a l, 1999; Assmann et al,
1997). However later studies dem onstrated that the anti-cancer effect of 
m onounsaturated and polyunsaturated fatty acids are not straight forward, 
that is diets rich in co-6 PUFA were found to have a causative effect on 
cancer by enhancing tumorigenesis, whereas diets rich in co-3 (fish oil) and 
co-9 (olive oil) fatty acids were found to have a protective effect. The ratio 
of co-3 to co-6 consumed was found to be im portant in determ ining the 
type of effect of these PUFA; however the exact ratio remains to be 
determined.
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Fish consumption has generated conflicting results w ith regard to risk 
modifications towards cancer, that is there was difference in the protective 
effect of fish between coloured fishermen in South Africa who consumed 
fish habitually and the white urban dwellers, w ho did not. Coloured 
fishermen showed six times less incidence of colorectal cancer compared to 
the white urban dwellers. The m ain difference between the coloured fisher 
m en and the white urban dwellers is the quantity and habit of fish 
consumption, which was 110 g /d a y  compared to 30 g /d a y  respectively. 
The coloured fishermen showed a relatively high sustained level of co-3 
PUFA circulating in their blood (Schloss, 1997).
1.7.5 Mechanism of action of co-3 and co-9 fatty acids
H igh intake of co-3 and co-9 fatty acids reduce the occurrence of cancer by 
mechanisms that may involve the modification of the biosynthesis of 
eicosanoids from co-6 fatty acids. To appreciate the proposed mechanisms 
of action of co-3 and co-9, it is imperative to mention the possible 
carcinogenic effect of increased co-6 and co-3 intakes. These contributions 
may occur directly or indirectly by:
(i) Peroxidation of the double bonds in PUFAs, which in turn causes 
oxidative stress in the cell system and generation of reactive 
oxidation products such as malondialdehyde and hydroxynonenal, 
which induce protein or DNA damage by forming covalent bonding 
with them.
(ii) Conversion of the essential fatty acids to eicosanoids, which are 
short lived hormone-like lipids derived mainly from dietary linoleic 
acid.
(iii) Interaction of fatty acids w ith signal transduction proteins 
(pathways) leading to altered gene expression.
(iv) In the case of breast cancer, effects on the concentration of unbound 
oestrogen.
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(iv) In the case of breast cancer, effects on the concentration of unbound 
oestrogen.
(v) Effects on membrane bound enzymes such as cytochrome P450 
(CYP) that regulate xenobiotic and oestrogen metabolism.
(vi) Structural damage in cell membrane resulting in alterations in 
hormone and growth factor receptors.
Figure 1.5: Hypothetical scheme to link Arachidonic acid (AA) metabolism, persistent 
oxidative stress, DNA and protein damage to multi stage carcinogenesis. In initiated or 
neoplastic cells (for instance in the colon), PLA2 (phospholipase A2), COX 2 
(Cycloxygenase) and LOX (lipoxygenase) are often constitutionally overexpressed. This 
leads to increased level o f  AA release from the membrane phospholipids and, increased rate 
o f oxygenation o f AA which results in increased production o f eicosanoids, accompanied by 
generation o f reactive oxygen species (ROS). ROS can either cause direct DNA, protein 
damage or/and trigger lipid peroxidation o f PUFA and in a self propagating process, leading 
to various forms o f DNA base and protein modifications via MDA and 4HNE. In rapidly 
dividing cells, the resulting genetic changes and disrupted signalling pathways may drive
premalignant cells to genetic instability and malignancy. CO-3 PUFAS inhibit A A  
metabolism and COX activity, thereby blocking the form ation of ©-6 eicosanoids 
from  diet derived linoleic acid. In  addition consumption of fish oil was associated 
w ith increased programmed cell death and suppresion of proliferation in colonic 
crypt cells. This suggests that ©-3 prevent cancer by m ediating changes in the 
balance of cell proliferation and cell death events (Bartsch et al., 1999)
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1.8 Intermolecular bonding and protein conformation
1.8.1 Interm olecular bonding
The forces that hold the three dimensional conformation of proteins are non- 
covalent, and they include ionic bonds, hydrogen bonds, hydrophobic 
interaction and van der Waal attractions. Non covalent bonds are much 
weaker than covalent bonds. The formation of these bonds is influenced by 
the aqueous environment of the protein.
Hydrogen bonding. These are weak electrostatic bonds that form between a 
partially negatively charged oxygen atoms and partially positively charged 
hydrogen atoms. In proteins hydrogen bonds usually form between the NH 
and CO groups of the peptide backbone. Water molecules form an extensive 
network of hydrogen bonds. Proteins in aqueous solution interact with water 
molecules via hydrogen bonding. This interaction may in effect weaken the 
native strength of the protein. Hence water molecules have significant 
influence on the structure of proteins (Lewin, 1994).
8+  8-  8+  8-
- O O ------------------------ H-N-
8+  8-  8+  8-
-C = 0 ------------------------ H- O-
A
B
Figure 1.6: Hydrogen bonding in the polypeptide structure: a Polarization of C=0 
and N-H or O-H allows H atom to be shared between the reacting groups; b 
Amino acids in polypeptides and proteins form H-bonding, Ser Serine (Ser); 
Aspargine (Asp) (Adapted from Lewin, 1994)
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Ionic interaction: This occurs between oppositely charged groups. Basic 
amino acids such as lysine, arginine and histidine interact with oppositely 
charged amino acids, such as asparagine and glutamine. They occur over 
large distances, and are inversely related to distance between reacting 
groups. Water molecules bind charged groups, it is said that water 
molecules shield the charge of the groups thereby reducing ionic interaction 
between charged groups. Ionic interaction can also occur between 
uncharged but polar molecules. This occurs via the electron distribution, 
which allows excess of positive and negative charges to occur between 
interacting groups, known as dipole moment.
Figure 1.7: Basic and acidic amino acids may 
interaction via ionic bonds shielded by 
water in aqueous environment (Lewin, 
1994).
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Hydrophobic interaction: Hydrophobic interactions takes place between
apolar amino acid side groups, which aggregate together to exclude water. 
Thus, apolar amino acids d isrupt interactions between water molecules. 
Apolar amino acids aggregate by excluding water molecules, in effect water 
forces the non polar amino acids into a juxtaposition. Therefore 
hydrophobic amino acids form a molecular interior in the globular protein, 
where water molecules are inaccessible. The degree of hydrophobicity scale 
of amino acids can be classified by correlating the area contributed by the 
amino acids towards the interior of the proteins (number of the hydrophobic 
amino acids/ total num ber of amino acids).
Figure 1.8: Idealised diagram to show
juxtaposition exclusion of water molecules 
and the formation of hydrophobic region of 
the hydrophobic amino acids (Lewin,1994).
Van der W aals forces: These forces come into effect a t very close distances
between the polar and non-polar groups, when the positively charged nuclei
and negatively charged electrons of two molecules are in a position to affect
the electron distribution. They are im portant in closely packed 
macromolecules or when two macromolecules are closely aligned
(Lewin, 1994).
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Covalent bonding: This occurs between two atoms sharing the same
electron. Covalent bonds occur in proteins include peptide bonds of prim ary 
structure. Covalent di Sulphide bonds are involved in the stabilisation of 
protein tertiary structure, S-S bonds occurs between cysteine residues. 
Covalent bonds are very strong with heat of formation of about 50Kcal/ mole 
(Amend et al, 1990; Lewin, 1994).
1.8.2 Protein conformation:
Proteins are governed by various factors such as, their amino acid sequence, 
bond lengths and angles. These factors determine the three dimensional 
structure of a protein. Other factors that are of great importance include 
rotation about the bonds which alters the relative positions of the component 
atoms. This eventually leads to the formation of various non- 
superimposable three dimensional arrangements of atoms that are 
interchangeable with., out breaking any covalent bonds and are generally 
termed conformotions. The conformation of proteins tends to be relatively 
fixed and stabilised by non-covalent bonding via atoms that are distant in 
the covalent structure. The primary structure of proteins is the covalent 
structure which is governed by the amino acid sequence and post 
translational modifications. The secondary structures of proteins are the 
local conformations of the polypeptide backbone (Creighton, 1993; Ptitsyn, 
1991; Chan & Dill, 1993).
1.8.2.1 Primary structure
The amino acid sequence of proteins is the primary structure. The amino 
acid sequence is encoded by genes, hence the genetic information of life is 
mainly expressed by the functions of these proteins. The amino ad d s  are 
linked via covalent bonding. The amino acid sequence is the basic structure 
of a protein and is specific for a particular protein (Crieghton, 1993).
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1.8.2.2 Secondary structure
Each amino acid in a polypeptide backbone contains three bonds of a ? 
polypeptide backbone and those of the side chains. Rotations of any of these 
bonds give rise to different conformations. Each amino acid can exist, on 
average in eight conformations. However due to the potential huge num ber 
of distinct conformations being generated, a restrictive measure in the 
possible conformations is dictated by the conformational entropy, ASCOnf,
ASconf =Rln N
Where R is the gas constant 
N the num ber of possible conformations
Any conformation is stabilised by forming various weak interactions to 
overcome the loss of conformational entropy. W ithout these stabilisation 
forces, a macromolecule tends to exist in many conformational states. The 
prevalence of these weak interactions leads to the formation of regular 
secondary structure conformations. These conformations include, a-helix, 
[3-sheet and p-turn; they are regular due to the consistency of the prim ary 
sequence. The multiple interactions occurring simultaneously lead to the 
composition of a certain conformation that is stable enough to prevail over 
other alternative conformations (Creighton, 1993).
Alpha-helix  : This is one of the best known regular secondary structure 
conformations. The right handed tw ist is most easily recognised, it has 3.6 
residues per turn. The atoms of the backbone are packed closely, making 
favourable van der Waals interactions. The backbone carbonyl oxygen of 
each residue forms a H-bond with the backbone -NH of the fourth residue
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residues per turn. The atoms of the backbone are packed closely, making 
favourable van der Waals interactions. The backbone carbonyl oxygen of 
each residue forms a H-bond with the backbone -NH of the fourth residue 
along the chain. This is one variant of the family of related a-helical 
structures (Fig. 1.9). The polar amino acids lie solely on one side of the helix 
w ith the hydrophobic amino acids on the other side of the helix 
(Pauling e t  a l . ,  1951; Creighton, 1993).
Key
©  or-Carbon ©  Nitrogen
©  Carbonyl carbon O  Hydrogen
9  Oxygen ©  R group (side chain)
Figure 1.9: Alpha-helical conformation (Solomons, 1988)
Beta-sheet: fi-sheet structures are also based on the H-bonding between the 
atoms of the peptide bond; however, unlike the a-helix, the bonding occurs 
between different polypeptide chains. (3-sheets are the m ost prom inent forms 
of secondary structure after a-helix. The basic constituents of the (3-sheet are 
the (3-strands (Fig. 1.10). p-strands have a fully extended conformation; 
however, being only a single chain, they are not stable, hence stabilisation is 
achieved by forming hydrogen bonding between adjacent p-strands, thereby 
forming p-sheet structure, p-strands can be parallel or antiparallel; the
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antiparallel set up of p-strands are thought to be intrinsically more stable 
than the parallel form (Creighton, 1993, Amend et al., 1990).
C-term inus N -term inus C-term inus ®  Hydrogen 
(^ ) Oxygen 
Nitrogen 
Carbon 
Q R -g r o u p
Figurel.10: p-sheet structure (Amend et al., 1990)
1.8.2.3 Tertiary Structure
The polypeptides forming a protein may be referred to as domains. Domains 
are structural units which interact with each other to a different extent, 
however less extensively relative to the interaction of the elements within a 
domain. A single domain may be formed of a single stretch of polypeptide 
chain (Fig. 1.11).
1.8.2.4 Quaternary Structure
This level of organisation is achieved when two or more polypeptide chains 
aggregate. Each polypeptide chain folds into an independent globular 
conformation. These folded polypeptides interact with each other to form 
the quaternary structure (Fig. 1.11)
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M-M
Quaternary
Structure
M
Tertiary
Structure
Figure 1.11: Hierarchy of protein structure depicting the level of self 
organisation (Jaerticke & Seckler, 1997)
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1.8.2.6 Protein folding
For a protein to be biologically active; it m ust adopt specific folded three 
dimensional tertiary conformation. However the genetic code only specifies 
the prim ary structure of a protein. It was observed that certain proteins 
refold in vitro after being completely unfolded; hence this indicate that the 
folding pattern of a protein is determ ined by the prim ary sequence and the 
environment (Anfinsen, 1993). Several folding pathway models, which 
include the jigsaw puzzle analogy, nucleation growth model, frame work 
model and kinetic model have been proposed. One of the latest perspectives 
is the energy landscape theory. The energy landscape theory is a statistical 
description of a protein's potential surface, it states that folding occurs 
through organising an ensemble of structures. It is postulated that folding 
occurs as a result of a minimally frustrated heteropolymer system. This is 
achieved by the tendency to form a rugged funnel shaped landscape 
predisposed towards the native structure of the protein (Wolynes, 1998; 
Onuchic et ah, 1997)
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Beginning of helix formation and collapse
Energy
A i l i / r
Unrelated structure
Molten
Globule
Native structures
Figure 1.12: A viable protein folding landscape (Onuchic et al, 1997), 
E=Solvent averaged energy; Q= Fraction of native like contacts
A rugged folding landscape is shaped like a funnel as shown in (Fig. 1.12), 
w ith a favoured path tow ards a unique native state. At the upper region of 
the funnel are ensemble of conformations and include the formation of the 
secondary structure. The rugged description is necessary since the 
macromolecule chains can sample m any different conformations during 
their motions and have the possibility of making inappropriate contacts
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between the amino acid residues. Due to the fact that native contacts and 
local conformation energies are more stabilising than other less native 
conformation, there is a smooth overall slope of energy landscape tow ard the 
native conformation. In this model the protein is considered to be a 
minimally frustrated heteropolymer (Onuchic et al., 1997).
1.9 Myofibrillar proteins
Myofibrillar proteins are involved in the contractile mechanism of myofibrils 
and textural characteristics of the flesh. They account for 65-75% of the total 
protein content of the muscle. Three proteins which have been the subject of 
intensive reasearch in the past three decades include myosin (Connell,1960), 
tropomyosin and actin (Love,1966; Shenouda & Pigott, 1976).
M yosin : Myosin is one of the m ain components of the thick filaments in 
myofibrils, and represents 50-60 % of the total myofibrillar protein content 
(Hultin, 1984; Mackie, 1993; Johnston et al., 1992). It has a molecular weight 
of 500 KD is made up of two identical heavy chains (HC) of molecular 
w eight 200 KD and four light chains of molecular weight approximately 20 
KD. The two heavy chains have a high level of a-helical content and are 
w ound around each other in a supercoiled helical conformation. At the head 
end of the molecule both of the heavy chains are folded into a globular 
conformation. The head region of the molecule is associated w ith the 
ATPase activity and the contractile mechanism (Squire et al, 1987). The 
globular region of myosin interconnect w ith the actin molecules of the thin 
filaments, thereby converting chemical energy into mechanical energy 
during muscle contraction. The light chains are associated with the globular 
heads of the molecule non-covalently, figure 1.13. (Harrington & Rodgers, 
1984; Zolkiewski et ah, 1996; Levitsky, 1998; Geeves & Holmes, 1999). Myosin 
molecules are very diverse in their structure and function. All m yosin are
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structure and function. All myosins are subdivided into thirteen 
phylogenetic classes (Cope et al., 1996). The most common forms of myosin 
molecule including muscle myosin are called type II myosin.
Figure 1.13: Diagrammatic representation of a myosin molecule
Actin  : This is the second most abundant protein and is the main protein of 
the thin filaments. It accounts for 15-30 % of the total myofibrillar
protein content of the muscle. The molecular weight of actin is 42KD. The 
actin molecule is relatively more stable upon frozen storage compared to fish 
myosin (Connell, 1968; Mackie, 1993; Matsumoto, 1980). It was shown by 
Connell that the am ount of native actin extractable Ifrom fish muscle stored at 
-14°C for over forty weeks was not significantly different to that extracted 
from fresh fish (Connell, 1960).
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Other proteins include tropomyosin and troponins, they make up to 10% of the 
total myofibrillar protein content.The molecular weight of tropomyosin is 66 
KD and the tropopnins T, I and C are 31KD, 21KD and 18KD respectively. 
Troponin I inhibits the enzymic action of actomyosin (Mackie, 1993). Other 
proteins include Protein C, MW 135 KD which is mainly found in thick 
filaments as a contaminant of myosin preparation.
1.10 Connective tissue proteins
1.10.1 Collagen
Collagen constitutes 3-10 % of the total protein content of fish muscle. 
Collagen is involved in the textural characteristic of fish muscle and that it 
contributes to the general toughening of the fish flesh (Montero & Borderias 
1990). Collagen molecules are broadly classified into two groups, interstitial 
collagen, im portant extracellular connective tissue present in tendons, 
cartilage, bone, skin and blood vessels; and pericellular collagen, found around 
cells. Collagen form im portant matrix material around and between cells, 
such as the basem ent membrane of the epithelium (Fraser et al., 1987).
Collagen fibres are made of num erous fibrils and have a diameter of no more 
than 300 nm. The polypeptide chain in collagen contains a helical dom ain 
(a-chain) which contains 338 repetition of a (Gly-X-Y-) pattern of residues, 
where X and Y are often imino acid residues (proline or hydroxy proline). 
Collagen has a triple helix structure, formed of wound around a-chains 
(Kadler, 1994). The presence of glycine in every third residue is a 
prerequisite for the triple helix conformation, being a small amino acid, it 
allows the folding of the a-chain (Ramachandran, 1967)
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In fish muscle the collagen is in the endomysium (membranes enclosing each 
muscle fibre), perimysium (muscle bundle) and the mycommata (connective 
sheets separating the adjacent blocks of muscle fibres called "myotomes").
The m ain collagen component in the muscle of cod is type I collagen which is 
accompanied by smaller am ount of type III collagen. Type I collagen is 
composed of a la 2 a 3  helices (Kimura et al., 1988). Several reports have been 
published in the literature regarding the insolubility of collagen as a result of 
frozen storage (Montero & Borderias, 1989). Neutral salt solution was used 
to solublise collagen, it was suggested that collagen probably interacts with 
other cellular proteins in the muscle during frozen storage. Collagen is 
im portant in the provision of the tensile strength and integrity of the muscle 
(Sikorski & Borderias, 1994).
Figure 1.14: A diagram to depict the muscle fibre base in 
prerigor fish (Sikorski & Borderias, 1994)
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1.11 Water soluble sarcoplasmic proteins (WSP)
Sarcoplasmic proteins are soluble in muscle sarcoplasm in contrast to the 
contractile or connective tissue proteins. WSP are a large family of proteins 
that share solubility in w ater or low salt solution, and contain myoglobin as 
well as over a hundred enzymes and albumins. The fact that different fish 
species, such as pelagic fish and demersal fish contain different quantity and 
ratio of WSP, electrophoretic separation of WSP can be used as a finger print 
of fish species (Toom et al., 1982). WSP proteins include enzymes such as, 
hydrolases, oxidoreductases, transferases, phosphorylases and TMAO 
demethylase. A second group of WSP proteins include the antifreeze 
proteins, which have the ability to lower freezing tem perature w ithout 
significantly affecting the osmotic pressure. Antifreeze proteins are 
glycoproteins, and are known to affect the freezing tem perature of muscle. 
Cod muscle containing antifreeze proteins were found to suffer less quality 
deterioration w hen kept at -3°C (Haard et ah, 1994; W arren et al., 1992).
1.12 Postmortem biochemistry of fish  muscle
The major events that take place after the fish is caught is cessation of 
blood circulation, that is oxygen transportation into the system of the 
fish terminates. This is followed by the developm ent of anaerobic 
respiration, which subsequently causes significant changes to the 
biochem ical State of the muscle, thereby affecting the properties of fish 
muscle as food. However, there is lim ited synthesis of ATP from 
creatine kinase and ADP via the enzym e adenylate kinase. The m ain 
route for ATP synthesis is via glycolysis, that is the metabolism of 
carbohydrates such as glucose into lactic acid through a series of 
derivatives. W hen the level of ATP cannot be maintained due to the
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reduction or lack of phosphorylating enzymes, the muscle starts to 
contract through the interaction of the thick and thin filaments. Ca2+ 
exists excessively in these conditions since the sarcoplasmic reticulum 
cannot keep the concentration low enough to prevent muscle 
contraction. As a consequence the bonding between the thick and thin 
filament increases and the muscle becomes inflexible and rigid, thereby 
rigor mortis is established (Hultin, 1984; Mackie 1993).
1.12.1 The effect of freezing on the quality of fish muscle
Fish muscle contains about 80% water; hence freezing leads to the loss of 
water molecules as they turn  into ice. Reduction in the level of w ater 
subsequently leads to changes in different parameters, such as pH, ionic 
strength, viscosity, surface tension and concentration of the dissolved 
gases and solute. The am ount of water converted to ice depends on the 
rate and tem perature of freezing. Therefore if there is unfrozen w ater 
left in the muscle tissue, enzymatic activity and solute concentration are 
both markedly increased; this in turn  affects the physical properties of 
the fish muscle (Sikorski & Kolakowska, 1994; Mackie, 1993).
1.12.2 Protein denaturation in frozen fish muscle
Protein denaturation has been evidenced in in situ studies of fish muscle 
in frozen storage and in vitro studies of proteins as a model system. 
Although a model system can never be equivalent to those in the muscle 
itself the results obtained from m odel studies are more readily 
interpretable than studies that are based on the whole fish muscle. One 
of the preliminary tests that is carried out to assess protein denaturation 
is protein extractability in salt solution. Studies as early as 1960's have
I
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indicated that the am ount of protein extracted from frozen fish was less 
than that from fresh or unfrozen fish (Connell, 1960).
A lthough the detailed mechanism of frozen fish denaturation is not 
entirely clear, three factors have been proposed:
• Physical damage to proteins due to the formation of ice crystals and 
resulting solute concentration
• Protein cross linking caused by the presence of formaldehyde in 
gadoid fish.
• Biochemical changes caused by lipid oxidation products. These 
factors are discussed as follows
1.12.2.1 Formation of ice crystals
Freezing alters the hydration of the ions. This leads to the 
reorganisation of hydrogen bonding and hydrophobic interaction in the 
proteins. Formation of ice crystals may affect the hydrophobic 
adherences which buttress the native structure (Lewin, 1974). In 
addition, a decrease in the content of w ater leads to an overall increase 
of reactive ion concentration. These ions are capable of interfering w ith 
the structure of water molecules, thereby affecting protein solubility. 
The m ultivalent cations, La3+, Mg2+, Ba2+, Ca2+ have the highest capacity 
of breaking w ater structure. At high ionic concentration the competition 
between the ions and the hydrophilic amino acids for w ater molecules, 
m ay lead to decreased hydration of the proteins. Furthermore m any 
inorganic salts may contribute to the change in proteins by catalysing 
lipid hydrolysis and lipid autoxidation, participating in the formation of 
lipid-protein complexes (Kolodziejska & Sikorski, 1980). It has also been 
dem onstrated that the activity of adenosine triphosphatase (ATPase) 
w as reduced in cod and hake muscle that was stored at -14°C, -22°C 
compared to storage at -29°C (Connell, 1960; Iyambo, 1994).
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1.12.2.2 Protein -formaldehyde interactions
Amano and Yamada (1965) established that formaldehyde was 
produced at the same time as the dimethylamine (DMA) during frozen 
storage of cod muscle. Formaldehyde is produced from the breakdown 
of trimethylamine oxide (TMAO) by the enzyme TMAO demethylase 
during frozen storage of fish. Formaldehyde and DMA is mostly 
produced in unstable gadoid species of fish, such as cod. Castell and co­
workers (1973) suggested that formaldehyde was involved in protein 
denaturation through inter-protein methylene crosslinks. H igh 
correlation between form aldehyde production and fish flesh toughness 
has been reported over the years (Matsumoto 1980, H aard 1992, 
H ultin 1992). However there are no data to support tihe protein- 
formaldehyde crosslinking theory as yet (Mackie, 1993; Ang & Hultin,
1989). However it is im portant to note that the level of formaldehyde 
produced by different fish species varies, that is haddock produces a 
negligible level of formaldehyde whereas cod produces intermediate 
am ount of formaldehyde. One of the aims of the EU project, of which 
this PhD study was part , was to establish whether cod and haddock 
exhibited different levels of denaturation and toughness. Badii & 
Howell (2000) showed that the two species deteriorated in a very similar 
manner. This suggests that there may be other factors that contribute to 
the deterioration of fish proteins and fish muscle toughness. It is 
interesting to note that mackerel which does not produce form aldehyde 
also becomes tough upon freezing (Saeed & Howell, 2000)
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1.12.2.3 Protein-lipid interaction
Lipid oxidation products are reported to cause protein modification in 
biological systems (Sikorski, 1976; Shenouda, 1980; Areas, 1985; Aubourg, 
1993; Mackie, 1993; Li & King, 1999). Free fatty acids and their oxidation 
products such as m alondialdehyde interact w ith e-am ino groups of proteins 
thereby altering their functional properties in fish and m eat proteins 
(Shenouda, 1980; Esterbauer & Cheeseman, 1987). Saeed & Howell (1999) 
dem onstrated the transfer of free radicals from oxidised fatty acid onto 
amino acids and proteins including myosin, which subsequently aggregated 
as evidenced by the fluorescence increase in protein samples exposed to 
oxidised lipids. It was recently shown that MDA reduced ATPase activity of 
rabbit myosin, conformational changes as m easured by the sulfhydryl group 
content and tryptophan fluorescence (King & Li, 1999). MDA preferentially 
reacted with basic amino acids, cysteine SH groups, e -amino groups of 
lysine, the N-terminal amino groups of aspartic acids, tyrosine, methionine 
and arginine (Aubourg, 1993; Kuusi, 1975; Buttkus, 1967). The interactions 
increased the hydrophobicity of the filament proteins, thereby depriving 
them of polar groups. This eventually leads to reduced water solubility of 
proteins. In addition, stronger hydrophobic interactions between individual 
myofibrillar proteins, enmesh them to form aggregates. Hydroperoxide- 
protein interaction is one route through which hydroperoxides are stabilised 
in  fish muscle systems (Fig. 1.15).
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Figure 1.15: Potential interactions between peroxidising lipids and proteins
1.13 Intervention measures to reduce lip id  oxidation and 
protein denaturation in  frozen fish  tissues
Autoxidation can be retarded by using several precautions and additions:
• Exclusion of oxygen: This can be achieved by vacuum packaging of fish 
fillets and the addition of glucose oxidase.
• Addition of antioxidants.
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1.13.1 Antioxidants
Antioxidants^ are chemical substances that delay or prevent oxidation of 
lipids, proteins or DNA, w hen it is^present at a low concentration relative to 
the oxidisable substrate (Halliwell & Whiteman, 1998). Antioxidants are 
capable of scavanging peroxy and oxy free radicals formed during the 
propagation and branching steps of autoxidation. Phenolic antioxidants 
play an im portant role in foods generally. As shown in figure 1.16 reactions 
one and two the oxy and peroxy radicals generated are scavanged by the 
aromatic resonance of antioxidants. Antioxidants terminate the lipid 
oxidation process as they are unable to abstract an H-atom from unsaturated 
fatty acids. The end products are relatively more stable than oxy and peroxy 
radicals and thereby shorten the lipid oxidation chain reaction (Fig 1.16).
R 0 2' +  AH ------------- ► ROOH + A’ ---------------(1)
RO‘ + AH -------------- ► ROH + A‘ ------------- (2)
RO' + A* ------------- ► ROOA----------------------------(3)
RO’ + A' ------------►----- ROA------------------------------ (4)
Figure 1.16: Activity of an antioxidant as a radical 
scavanger. Reactions 1 and 2 form radicals which are 
stabilised by antioxidants. The products of reactions 3 
and 4 are more stable than oxy and peroxy radicals.
AH= Antioxidants
1.13.2 Natural antioxidants
a-Tocopherols: Tocopherols are natural antioxidants. They inhibit lipid 
oxidation by scavanging peroxyl radicals (LC^- ). Tocopherols (Fig. 1.17)
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react with free radicals much faster than free radicals can react with adjacent 
fatty acid side chains or proteins.
a-Toc +L02‘ —► a-Toc' + L02H
Furthermore a-tocopherols both quench and react with oxygen and O2' 
(superoxide). Peroxyl radicals also react with a-Toc- to give non-radical 
products (Namiki, 1990).
Figure 1.17: structure of alpha tocopherol 
Ascorbic acid: Ascorbic acid acid has two OH groups. Ascorbic acid acts as
i —
a reducing agent of Iron, Fe3+ => Fe2+ , in addition ascorbic acid reduces 
reactive species such as OH and 0 2 ', in the process of electron donation 
ascorbic acid is converted into ascorbyl radical which is a less reducing or 
oxidising agent. Hence the poor reactivity of ascorbyl radical is considered 
to be the essence of ascorbic acid antioxidant activity (Fig. 1.18).
OH
Figure 1.18: Structure of ascorbic acid
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Rosemary extract: Rosemary extract has three active ingredients, that is 
rosmarinic acid, carnosol and carnosic acid (Fig. 1.19). Carnosol and carnosic 
acid are the most active components of rosemary extract (Frankel et al.,1996). 
The antioxidant activity of these components is due to the presence of the 
phenolic group. Phenols stop lipid peroxidation by acting as chain breaking 
peroxyl-radical scavengers, thus forming less reactive flavonoid phenoxyl 
radical (Eqs. 1 and 2). Phenols with two adjacent -OH groups like rosmarinic 
acid, carnosol and carnosic acid can also bind transition metal ions, such as 
iron or copper, thereby suppressing the superoxide-driven Fenton reaction 
(Eqs 3 & 4) (Arora et al., 1998; Shahidi & Wanasundara, 1992). Phenols can
also react directly with reactive oxygen species such as OH’.
ROO +Ph-OH -> ROOH +Ph-0
HO +Ph-OH -> H20  +PH -0. ■2
0 2' +Fe ( III)  0 2 + Fe(II) ■3
Fe(II) + H20 2 -> F e(III) + HO + HO"— 4
OH
OH
Rosmarinic acidCarnosic acid Carnosol
Figure 1.19: Structures of the active components of rosemary extract
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1.13.2 Synthetic antioxidants
Synthetic antioxidants are alternative compounds that can be used to 
minimise lipid oxidation process. They are used widely in the food industry 
provided that they are not toxic and are active at low concentrations (0.01- 
0.02%). Some of the m ost commonly used synthetic antioxidants world w ide 
include, BHA, TBHQ, propyl galate and BHT (Fig. 1.20).
Butylated Hydroxy toluene (BHT) : All the above mentioned antioxidants are 
considered to act by hydrogen donation to the hydrogen abstracting species, 
thereby scavanging the free radical and forming a less reactive phenoxyl 
radical . Free radical carrying species are substituted at the para or ortho 
positions of the molecule.
OH
BHT
Figure 1.20: Structure of Butylated hydroxy toluene 
1.14 Conclusion
Protein denaturation in cod and haddock probably occur via complex 
mechanisms rather than one single deteriorative pathway. Freezing 
slows dow n a plethora of processes in Gadus morhua and Melanogrammus 
aeglefinus muscle. However, some factors such as ice crystals and solute 
concentration are increased, which in turn  initiate a sequence of 
processes that lead to deterioration of the muscle proteins and lipids. In 
this project, investigation into the changes in the whole muscle proteins 
and lipids during prolonged storage period was under taken so as to
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assess the effect of the different biochemical changes that occur in both 
Gadus morhua and Melanogrammus aeglefinus.
1.15 Aims and objectives
The m ain aim of the project was to elucidate lipid oxidation and protein
denaturation in frozen cod (Gadus morhua ) and haddock (Melanogrammus
aeglefinus).
The objectives were:
• To determine ice crystal formation in frozen fish tissue.
• To determine the prim ary and secondary lipid oxidation products formed 
during frozen storage of cod and haddock fillets.
• To determine changes in the proteins in intact cod and haddock muscle.
• To study the thermodynamic and secondary structural changes of frozen 
fish protein in the presence and absence of PUFA and their oxidation 
products.
• To explore techniques which can be used to determine the shelf life of fish 
non-invasively and in a less labour intensive manner; eg. FT-Raman 
spectroscopy.
% Than traditional m ethods
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2. MATERIALS AND METHODS
2.1 Fish storage protocol
Lean demersal fish namely, Cod (Gadus morhua) and haddock 
(Melanogrammus aeglefinus) were caught in the North sea, Aberdeen, 
Scotland. They were filleted, individually sealed in polythene bags and 
transported in a frozen (-80°C) condition by the Marine Laboratories, 
Aberdeen to the University of Surrey within 48 hours of catching the fish. 
Matching pairs of fillets were stored separately at -10 °C and -30 °C. Three 
pairs of matching fillets were used periodically for analysis.
2.2. Fish lip id  extraction
2.2.1. Materials and methods
2.2.1.1 Equipment
W aring Blender (Christson, Gateshead , UK); m oisture and oxygen trap; 
and beckman centrifuge (J2-21 model; tube size 11).
2.2.1.2 Reagents
Chloroform (Analar grade); methanol (HPLC grade) and acetic Acid (Analar 
grade) were all obtained from BDH, Poole, UK. Distilled w ater was 
prepared in the laboratory.
2.2.1.3 Method
Oil was extracted from cod and haddock fillets according to the Bligh and 
Dyer (1959) m ethod w ith some modifications. BHT (0.01%) was added to the 
extraction solvents and extraction containers to minimise artefact lipid 
oxidation in  the process of extraction.
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 44
Chapter two: Materials and methods
Fresh or frozen fish tissue (100 g) was homogenised with 100 ml methanol 
and 200 ml chloroform for four minutes using a Waring blender. The 
mixture was then homogenised for 90 seconds consecutively with 
chloroform (100ml) and with distilled water (100ml). Finally the fish 
homogenate was centrifuged for ten minutes at 3000 X g. The aqueous phase 
was removed using a suction system as shown in Fig. 2.1. The lower 
chloroform phase containing the lipid was then removed by piercing 
through the tissue homogenate. Anhydrous sodium sulphate (100-300 mg) 
was added to remove any water molecules that may be present. The 
chloroform was filtered using Whatman (number 1) filter paper. The 
chloroform was transferred into a round bottomed flask and evaporated 
under pressure at about 7-8 °C. The sample was removed just before the 
chlorofom was completely evaporated and the remaining chloroform was 
evaporated using oxygen free nitrogen (connected to an oxygen and 
moisture trap). The oil extracted was then stored under oxygen free nitrogen 
(OFN) at -80°C prior to further analysis.
Figure 2.1: Diagram to show a liquid suction system 
2.2.1A Quantitative extraction offish oil
Fish tissue homogenate residue (Fig. 2.1) was homogenised with a further 
100 ml of chloroform. The Waring blender and jar were washed with 50 ml 
of chloroform. The mixture was subsequently centrifuged at 3000 x g for 10
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minutes followed by filtration using Watman filter paper to ensure 
maximum recovery of chloroform. Finally the chloroform filtrate from the 
first and second extraction were mixed and evaporated under pressure in a 
pre-weighed round bottomed flask.
2.3 Peroxide Value (PV) determination
2.3.1. Material and methods
2.3.1.1 Equipment
• Spectrophotometer (Kontron instruments, Zurich, Germany)
• 10  ml glass tubes with a screw caps
• Oxygen free Nitrogen gas (OFN)
• Moisture and oxygen trap
2.3.1.2 Materials
Ethanol (Grade A ); 30% ammonium thiocyanate (NH4SCN) in distilled 
water; hexane (p.a.); FeCfy ( ferric chloride) solution, 3.5% in HC1, 10  pg/ 
lOOpL; ferrous chloride; hydrochloric acid.
2.3.1.3 Method
Preparation of standards for the calibration curve : Absolute ethanol (5 ml) was 
pippeted into fifteen ten ml test tubes, which were previously washed with 
acetone and perfused with OFN. Subsequently lOOpL NH4SCN was added. 
This was followed by the addition of 200 pL hexane. Finally the standards 
were added to the appropriate test tubes, at concentration range (0-100 pi 
FeCfy in HC1 solution) (Table 2.1).
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Table 2.1: Standard concentrations of ferric chloride used for plotting 
standard curve.
A 0 pL of FeCL solution + lOOpL 3.5 % HC1 solution
B 25 pL of FeCU solution + 75pL 3.5 % HC1 solution
C 50 pL of FeCL solution + 50pL 3.5 % HC1 solution
D 75 pL of FeCL solution + 25pL 3.5 % HC1 solution
E 100 pL of FeCL solution + OpL 3.5 % HC1 solution.
The standards were made in triplicate. The tubes were mixed for exactly 
three minutes as slight alteration in the mixing period affected the results. 
The spectrophotometer was auto zeroed with ethanol and the absorbance 
was read at 500 nm.
Sample treatment:
Ferrous Chloride solution (20 mM) was prepared using 40 mg 
FeCl2*4H2O /10 ml 3.5 % in HC1. Sample was dissolved in 100 jul hexane 
(-10-20 mg/ml). Absolute ethanol (5 ml), NH4SCN (100 pL) and Ferrous 
Chloride solution (100 pL) were added to the sample and mixed. Each 
sample was analysed in triplicate. Ferrous chloride was added just before 
reading the absorbance of the sample and was mixed for exactly 3 minutes. 
The absorbance was measured at 500 nm.
For the blank 200 pL hexane was added to the reagents and absorbance was 
measured at 500 nm.
Calculation of Peroxide Value (PV):
Abs ( Sample )-Abs(blank) -  Intercept of the standard curve
PV = -------------------------------------------------------------------------
Slope of the standard
55.84* sample
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2.4 Preparation of transmethylated derivative of fatty 
acids for Gas chromatography (GC) analysis
2.4.1. Theoretical background
GC analysis of fatty acids involves the conversion of the active COOH group 
into a derivative which is more volatile, that is an ester group. Ester groups 
are generally more stable. The carboxyl group is condensed, and then 
eliminated with water.
2.4.2. Materials and methods
2A.2.1 Equipment
Varian Gas Chromatogram, 3400GC and GC column [ Omegawax™ 320 
fused Silica Capillary column, 30 m, 32 mm and ID 0.25pm film thickness] 
was purchased from Suppelco, Poole, UK.
2A.2.2 Materials
Hexane (HPLC grade BDH, Poole, UK); sodium methylate (Fluka, Poole, 
UK) and tert Butyl methyl ether [MTBE] (Fluka, Poole, UK).
2A.2.3 Method
A modified version of Schmarr et al., (1996) was used. Fish oil (50—100 mg) 
was weighed in a 10 ml glass fitted with a screw cap. 5pL (1 pg/  pi) solution 
of internal standard in MTBE was added. For transejterification, 2 ml of 
sodium methylate diluted with MTBE, (4:6, v /v) was added and mixed by 
vortex for about one minute. The mixture was incubated at room 
temperature for about one hour, the mixture was mixed once every half 
hour. Subsequently 2ml of water and 5 ml of chloroform were added and
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the glass vial was closed with a screw cap. This was followed with vigorous 
shaking for one minute to extract the organic material and was allowed to 
settle at room temperature for five minutes. Subsequently the mixture was 
centrifuged for five minutes at 3000 x g  to facilitate phase separation. The 
upper phase was removed with a glass pipette. The alkali media in the 
lower organic phase was neutralised by the addition of 1 % acetic acid (v/v  
in distilled water) and shaking, centrifugation and upper phase removal was 
under taken as mentioned above. The remaining chloroform was then 
evaporated under a stream of OFN fitted with an oxygen and moisture trap. 
Finally the residue, fatty acid methyl esters was reconstituted in 100 pi of 
hexane (Fig. 2.2). 1 pi of sample was injected into the GC. The injector 
temperature was set at 250°C. Column temperature was set initially at 
150°C, which reached 240°C at 2°C per minute. The detector temperature 
was also set at 250°C.
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50-100 |ll1 of o il +5-10% IS (v /v )
Sodium m ethylate and MTBE [ 4:5 v /v ]  were added, 
then vortexed for 1 m inute and incubated for 1 hour in  
the dark
I
W ater and chloroform [4:5 v /  v] was added and 
m ixed thoroughly and incubated for 10 minutes
I
Upper phase of the m ixture was removed, 1% acetic 
acid, m ixed and centrifuged at 3000 x g for five  
minutes. .
Upper layer was separated and the low er layer 
[chloroform containing the FAMES] was dried  
under nitrogen [ connected w ith  oxygen &  moisture 
trap]
FAMES w ere reconstituted in  100 pi 
hexane. 1 pi was injected in  GC for 
analysis
Figure 2.2: Flow diagram to show fatty acid 
transesterification steps
2.5 Thiobarbituric acid reactive substances (TBARS) 
determination
2.5.1 Background
Kohn & Liversedge (1944) first applied the TBA test in biological systems. 
The test was rapidly applied in the food industry as a technique to measure 
rancidity in food lipids. When peroxidised material is heated with TBA in 
an acidic condition a characteristic chromagen which absorbs at 532 nm is
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developed. This chromogen is an adduct of two molecules of TBA and one 
molecule of malondialdehyde (MDA) ( Gutteridge & Quinlan, 1983).
2.5.2 Materials and methods
2.5.2.1. Equipment
High Performance liquid chromatography (HPLC) (Thermal quest, UK); C18 
column (Suppelco, Bellfonte, USA); water bath; homogeniser and 10 ml glass 
tubes with a screw cap.
2.5.1.2 M aterials
Thiobarbituric acid (Sigma, Aldrich, Dorset, UK); tetraethoxypropane 
solution (TEP) (Sigma, Aldrich, Dorset, UK); hydrochloric acid (BDH, Poole, 
UK); acetonitrile :HPLC grade(BDH, Poole, UK); distilled water: (Prepared 
in-house); butylated hydroxyAnisole (BHA) or butylatedhydroxytoluene 
(BHT): (Sigma, Dorset, UK); oxygen free nitrogen (OFN) and ethanolamine 
(Sigma, Dorset, UK).
2.52.3 Method 
Calibration Standards
TEP standards were prepared by mixing; 0, 0.2, 0.4, 0.6,1.0 pg of TEP in 1 ml 
of distilled water. 100 pi 0.2% BHA (w /v, in ethanol), HC1 (500 pi) and TBA 
(500pl) were added to each standard. After mixing the standards were 
incubated at 80°C for Vz hour.
After allowing the solution to cool, 2 ml butanol was added and mixed for 
about 20 seconds. This was followed by centrifugation at 3000 x g for 10 
minutes. The upper layer which contains the pink chromogen was collected 
using a glass pipette. The organic phase was then dried under OFN at 37°C.
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The pink residue was reconstituted in 1ml 50% acetonitrile (v/v) in distilled 
water. The sample was finally analysed by reverse phase HPLC and UV 
detector set at 532 nm using an isocratic 50% acetonitrile system.
Sample treatment
Fish tissue (0.5g) was homogenised in 2.5 ml distilled water. 25% HC1 (0.5 
ml) was added, the sample was then vortexed for 20 seconds and incubated 
at 80°C for 30 minutes, after which the sample was cooled at room 
temperature. Butanol (2 ml) was added and mixed for approximately 20 
seconds. The mixture was centrifuged at 3000 x g for 10 minutes. The upper 
layer containing the pink chrompgen was removed and dried under OFN at 
37°C. The residue was reconstituted in 1ml acetonitrile ( 50%; + 0.1% 
ethanolamine) and analysed using HPLC as described above.
2.6 M yosin Extraction
Fish myosin was extracted according to the method of Celina et al., (1986) 
(Fig. 2.3).
2.6.1Materials and methods
2.6.1.1 Equipment
Waring blender (Christson, Gateshead,UK) and beckman centrifuge (model 
J2-21, rotor size 14).
2.6.1.2 Materials
Potassium chloride (KC1); hydrochloric acid (HC1); ammonium sulphate: 
(BDH, poole, UK); magnesium chloride MgGL and potassium bicarbonate 
KHCO3 were all purchased from BDH, Poole,
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UKjPhenyhnethylsulfonylfhioride (PMSF); sodium azide (NaNs); Tris; 
p-mercaptoethanol (p-MCE); ethylene glycol-bis (p-aminoethyl ether) 
N,N,N,N', N'-tetraacetic acid (EGTA) and adenosine tri phosphate (ATP) 
were purchased from Sigma, Poole,UK.
2.6.1.3 Method
All the steps in the preparation of myosin were undertaken at 0-4°C.
1 X g of fish was homogenised in 10X ml of solution A ( 0.1 M KC1, ImM 
PMSF, 0.02% w /v  NaN3 and 20mM Tris-HCl buffer, pH 7.5) for two 
minutes. The homogenate was centrifuged at 1000 x g for ten minutes.
2 The supernatant was discarded. The pellet was dissolved in 5X ml of solution
B (0.45M KC1, 5mM p-ME, 0.2^Mg(CH3COO)2, ImM EGTA and 20mM Tris- 
maleate buffer pH 6 .8) to which lOmM ATP was added to the final buffer 
solution. The solution was stirred using a magnetic stirrer slowly to avoid 
foam formation at 4°C for hour (when using 20 g of fish muscle). 
Subsequently the mixture was centrifuged at 10000 x g for 15 minutes.
3 The supernatant was diluted with 2.5 times using KHCO3 (1 mM) and
incubated at 4°C for 15 minutes. This was followed by centrifuging at 12000 
x g for 10  minutes.
4 The pellet was resuspended in 5 x V (5 x the volume of the supernatant at step
three) in solution C (0.50M KC1, 5 mM p-MCE, 20mM Tris-HCl buffer pH 
7.5) and gently homogenised using a hand operated homogeniser and 
incubated at 4°C for ten minutes. Subsequently the myosin containing buffer 
was diluted with 2.5 x V KHCO3 (ImM) and lOmM MgCU and was 
incubated at 4°C for 15 hours.
5 Finally the protein solution was centrifuged at 20000 x g for 15 minutes. The
pellet was re-suspended in the required volume of solution C (Fig. 2.3).
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Figure 2.3: Flow diagram  to show myosin extraction steps
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2.7 Collagen extraction
The method of Montero & Mackie (1992) was used as described below (Figs,
2.4 and 2.5). The connective tissue of cod muscle w as extracted and purified 
according to the m ethod of Montero & Mackie (1992). The protocol is 
summ arised in Figure 2.4. The connective tissue prepared was used to 
extract pure collagen.
2.7.1 Equipment
Omnimixer (Camlab, W aterbury, CT, USA)
2.7.2 M aterials
EDTA; Tris and PMSF were obtained from Sigma, Dorest, UK.
Sigma. NaCl and acetic acid were purchased from BDH, Poole, UK.
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Cod muscle 80 g /I  NaCl (ratio 1:4 w/v)(0.05M)
Filtered through 9 mm orifice sieve
I
Connective tissue fibres +500 
ml of 0.05M NaCl 
+Protease inhibitors (ImM)
Stir at 4 °C for 24 hours
▼
Centrifuged at 3000 x g 
for 20 minutes
I
Precipitate + 250 ml of 
0.05 M NaCl + protease 
inhibitors (ImM)
Homogenised in omnimixer for one 
minute and stirred for 12 hrs at 4°C.
Centrifuged at 2500 x g for 30 
minutes
I
Pellet is pure 
connective tissue
Figure 2.4: Flow diagram to show the separation and 
purification of connective tissue.
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Connective tissue (lg)
+
Tris buffer (0.03 M, pH 7.4, 20 ml) + 0.5 M NaCl+ Protease 
inhibitors (PMSF) (1:20)
1
Homogenised and stirred at 4°C 
for 24 hours
Centrifuged at 7000x g for one 
hour
Supernatant
I
Salt soluble 
fraction
Supernatant
1
Acid soluble 
collagen
Precipitate + 0.03 M
Tris buffer pH 7.4 + 0.5 M
NaCl + protease inhibitors
(1:20) Homogenised
& stirred at 
4°C for 24 
hours
Homogenate was centrifuged 
at 7000 x g for one hour
Pellet + 0.5 M acetic acid 
+protease inhibitors (1:20)
1
Homogenised, 
stirred for 24 hrs
Centrifuged at 35K x g for 1 
hour ^
Precipitate + 0.5M  acetic acid, 
protease inhibotors (1:20)
I Stirred at 4°C  for 24 hrs
Centrifuged at 35K x g for one hour
I
Pellet: insoluble collagen
Figure 2.5: Protocol for the preparation of collagen
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2.8 WSP extraction
Cod muscle tissue was homogenised (1:10, w /v) in cold distilled water and 
centrifuged for twenty minutes at 3000 x g. The supernatant containing the 
water soluble proteins (WSP) was separated and used for further analysis 
(Howell et ah, 1996).
2.9. Protein concentration determination
2.9.1. Bradford M ethod
The method is based on the acidic and basic groups of protein binding with 
dissociated groups of organic dyes. A coloured precipitate is formed. This 
phenomenon is exploited in the determination of protein concentration 
quantitatively (Bradford, 1976).
2.9.1.1. Equipment
Spectrophotometer (Kontron instruments, Zurich, Germany).
2.9.1.2 M aterials
Coomasie brilliant blue and albumin standards were purchased from Pierce, 
Rockford, USA.
2.9.1.3 Method
A  fresh set of protein standards was prepared by diluting 2.0 m g/m l stock 
BSA solution in distilled water or appropriate buffer to obtain a protein 
standard concentration range of 125 jug-1 OOOpg. The Coomasie plus reagent 
was equilibrated to room temperature and mixed gently by inverting the 
container several times prior to addition to the standards or sample. An
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aliquot of 0.05 ml of standard or sample was pipetted into an appropriately 
labelled test tube. For blank 0.05 ml of buffer or distilled water was used. To 
each test tube 1.5 ml of Coomasie reagent plus was added and mixed 
thoroughly. After 10 minutes incubation at room temperature, the 
absorbance was read at 595 nm using water as a reference. The average 
blank absorbance was subtracted from each standard and sample. A 
standard curve was plotted using the average standard absorbance versus 
the appropriate concentration in pg/ml. The standard curve was used to 
determine the concentration of protein in each sample.
2.9.2 Kjehldahl M ethod
Kjehldahl analysis is based on the nitrogen content of the protein or other 
nitrogen containing compound. This method is not specific for proteins.
2.9.2.1 Equipments
Tecator Kjeltec system (Tecator, Hoganas Sweden)
2.9.2.1 Materials
Sodium chloride pellets; boric acid and hydrochloric acid was purchased 
from BDH, Poole, UK. methylene red indicator and sulphuric acid was 
purchased from Fisons, Poole, UK. Selenium catalyst tablets was obtained 
from, Sigma, Poole, UK.
2.9.2.3. Method
The tissue sample (lg) was digested in 20 ml concentrated sulphuric acid 
with two selenium catalyst tablets by boiling the mixture in a Tecator Kjeltec 
apparatus at 420 °C for 2-4 hours. Digestion of the tissue was indicated by 
the development of a clear solution. The nitrogen present in the system was
converted into ammonia, in the form of ammonium sulphate during the
(p.s m)
process of digestion. The addition of excess sodium hydroxide (20 ml)
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released the ammonia by steam distillation in a Tecator distillation unit. The 
distillate was collected in 25 ml of boric acid (4%, w /v) and titrated against 
standard 0.1 M hydrochloric acid using methylene red as an indicator. The 
percentage of Nitrogen (N) and protein (P) was calculated using the 
following formula:
% N = 14.01 * sample titrant (ml) - blank titrant (ml) 
sample (g) * 100
%P = N*K
Where K is a correction factor which is specific for a given protein or muscle 
system Nitrogen content.
2.10 SDS-PAGE electrophoresis
2.10.1 M aterials
Trichloroacetic acid (20%, v /v), methanol (30%, v /v) and acetic acid (10%) 
were Purchased from BDH, Poole,UK. Phast gel Blue R tablet (Coomasie 
dye); 12.5% SDS-PAGE gel; Tris-buffer gels; Phast system separation and 
control unit; Phast system development and sample application unit were 
purchased from Amersham Pharmacia Biotech, Upsalla, Sweden.
2.10.2 Method
Fixing solution: 20% trichloroacetic acid was used.
Stock solution of dye: One Phast gel R tablet was dissolved in 80 ml distilled 
water and stirred for 5-10 minutes. Methanol (120 ml) was added to the
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solution and mixed for 2-3 minutes. Finally filtered stock solution was 
added to 20 % acetic acid at 1:1 ratio (v/v).
D estaining solution: Methanol (30%), acetic acid (10%) and distilled water 
was mixed at 3:1:6 ratio (v /v /v).
Preserving solution: Glycerol (10%, v /v) was mixed with 10% acetic acid at 
1:1 ratio.
Sam ple buffer: To a 4.8 ml of distilled water, Tris-HCl buffer, 0.5 M, pH 6.8 
(1.2 ml); 10% SDS (2.0); glycerol (1ml) and 0.5% bromophenol blue (0.5) was 
added and mixed. The solution was stored at room temperature until 
required.
sam ple application Protocol :-
1 The gel holder platform was cleaned with 70 pi of distilled water.
2 The gel was applied on the platform making sure that no air is trapped
between the gel and the platform. ^
3 The buffer gels were put in both slots of the buffer holder at both end of 
the gel.
Sam ple preparation: Fresh proteins were mixed with the sample buffer at 1:1 
ratio and boiled for 5 mir^ s at 100°C. Protein aggregates were first dissolved in a 
5% {3-mercaptoetahnol and 2% SDS reagent at 1:4 ratio and boiled at 100°C until 
a clear solution was obtained. Subsequently the disaggregated from of the 
protein was mixed with sample buffer at 1:1 ratio and was boiled for 5 minutes 
at 100°C.
Sam ple application: A sample or standard (2pl) was applied on the sample 
applicator wells. A comb was used to absorb the sample from the sample 
applicator. The comb absorbs about lpl from the wells (Fig 2.6).
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Comb
Sample
application
wells
Figure 2.6: Sample application onto the comb 
from the wells.
4 The comb containing the sample and the standards was transferred onto 
the gel. The appropriate protocol, that is platform temperature, running 
period and voltage was set, in this case programme number 6 was used (as 
this was recommended by the manufacturer).
5 Once separation of the protein bands was finished. The gel was 
transferred into the development unit. The appropriate reagents were 
connected to the correct tubing system of the development unit, that is the 
staining, destaining and preserving solution. The system stopped 
automatically once the development process was finished.
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Applied sample
Control
unit
Figure 2.7: Idealised diagram to show the phast 
system gel electrophoresis, the control unit is a set 
a commands that are used to run the system.
Error bars
The error bars in the results of the experimental chapters are the standard 
deviations from the mean of each data point.
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3 EFFECT OF FREEZING ON THE WATER AND  
LIPID COMPONENTS OF GADUS MORHUA  AND  
MELANOGRAMMUS AEGLEFINUS
3.1 Introduction
3.1.1 Effect of ice crystal form ation
The preservation of fish muscle by freezing is one of the most effective ways 
of prolonging the shelf life and reducing organoleptic changes and microbial 
growth. These positive attributes of freezing are however counterbalanced 
by the injury caused upon the fish tissue by the growth of ice within the 
tissue. Ice crystals affect the exudate, colour and texture of the frozen 
products (Martino et ah, 1998).
The damage is mainly caused by the 9% increase in the volume of water in 
fillets that have been frozen. As lean fish species contain about 80% water, 
frozen fillets develop a high level of ice crystals. The size of the crystals has a 
detrimental effect on proteins and lipids in fish. The distribution and size of 
the ice crystals is dependent upon the rate of freezing, the state of the muscle 
and the storage temperature (Sikorski et ah, 1976). In post-rigor muscle the 
ice crystals grow in the extracellular fluid and increase in size at the expense 
of the water diffusing out of the cells. Ice crystals reduce the number of 
water molecules available for protein hydration and thereby increase the salt 
concentration in the muscle system. Ice crystals can also cause direct 
mechanical and structural damage to the fish muscle (Love, 1968, Love, 1969, 
Fennema, 1973, Martino el ah, 1998).
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In this part of the study qualitative measurement of ice crystals was 
undertaken on frozen cod and haddock fillets. Fillets stored at -10°C and 
-30°C for a period of one year were compared with samples stored at 
-80°C. These measurements were made using light microscopy equipped 
with a cold stage.
3.1.2. Peroxide value determ ination of fish  oil extracted from  Gadus 
morhua an.6M.elanogrammus aeglefinus
Seafood consumption in the West has increased dramatically in the past 
three decades. This is due to public awareness that fish contain co-3 and co-6 
fatty acids which are supposedly an important part of the diet, as they have 
been implicated in the reduction of the risk of coronary heart disease 
(Stansby, 1982; Kinsella, 1986); help with inflammatory and immunological 
diseases (Salmon, 1987), and suppress tumour growth (Karmali, 1984). 
However, these beneficial effects of fish consumption could be compromised 
due to the rancidity of fish as a result of the oxidation of co-3 and co-6 fatty 
acids. The oxidation of PUFA is due to the presence of double bonds in their 
acyl chains, with bis-allylic hydrogery containing bond energies that make 
them susceptible to hydrogen abstraction reactions that initiate and 
propagate a chain reaction that is known as autoxidation. The primary 
products of such reactions are the hydroperoxides which can be measured 
spectrophotometrically (Lips et al, 1943). The peroxide value (PV) is an 
empirical parameter designed to measure the degree of lipid oxidation in a 
biological system (Kinter, 1995). PV measures total lipid hydroperoxides in 
the fish muscle system. The technique employs Fe2+ which are oxidised into 
Fe3+ by the peroxides (Lips et al, 1943; Halliwell & Gutteridge, 1999). The 
use of ferric chloride method is superior to that of the iodometric assay; this 
is due to the fact that the iodometric method is not specific as PUFA, metal
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ions and tyrosine containing proteins interfere with the method (Moore & 
Roberts, 1998).
3.1.3. M alondialdehyde analysis of Gadus morhua and  melanogrammus 
aeglefinus
Malondialdehyde (MDA) is the secondary lipid oxidation product, mainly 
resulting from the oxidation of PUFA (Esterbauer, 1993; Roharjo & Sofos, 
1993; Frankel, 1991; Halliwell & Gutteridge, 1999). MDA, although not very 
specific, is predominantly available in the aqueous phase of cod and 
haddock tissue whereas other aldehydes remain within the lipid-protein 
systems of the tissue (lipoproteins) (Esterbauer et al., 1987). It has been 
proposed that MDA and 4-hydroxynonenal (4-HNE) modify lysine residues 
of proteins in the vicinity, thereby causing undesirable effects, such as 
hindering the interaction between LDL and Apo B/E receptors of fibroblasts 
(Esterbauer, 1993).
The determination of MDA is generally carried out by the colorimetric assay 
to measure MDA or MDA-like materials by the thiobarbituric acid (TBA) 
test. This assay was arguably pioneered by food scientists (Sinnhuber et al., 
1958), who characterised the chromagen that occurs between MDA-TBA as 
the condensation product of two molecules of TBA and one molecule of 
MDA. This product has an absorption maximum at 532 nm in acidic medium. 
The treatment of fish tissues or other biological materials with TBA generates 
a pink chromagen, however this product is not solely due to the interaction 
between TBA and MDA (secondary lipid oxidation product) but also due to 
other MDA like products. These MDA like products are formed during lipid 
oxidation process and from various other precursors, these products are 
alkenals, alkedienenals (Esterbauer et al., 1993), formaldehyde (Careche &
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Tejada, 1988) and MDA -protein complexes. The exact amount of TBA-MDA 
adduct can be determined by using HPLC.
3.1.4. Proton nuclear m agnetic resonance (AH NMR) analysis of Gadus 
morhua and Melanogrammus aeglefinus fish  oils
3.1.4.1 Theoretical background
The physical basis of NMR lies in the magnetic nature of the atomic nucleus. 
The interaction between the nuclear magnetic moment of the nucleus and the 
external magnetic field, Bo, leads, according to the principles of the quantum 
mechanics, to a nuclear energy level diagram, since the nuclear energy is 
limited to certain discrete values Ei. These discrete values are associated 
with stationary states, these are the only states where an elementary particle 
can exist. High frequency transmitters can be employed to stimulate 
transitions between the stationary states within the energy level diagram. 
The energy absorbed by the nucleus under analysis can be detected, 
amplified and recorded as a spectral line, called spectral signal.
\j
Compound in 
magnetic field
Figure 3.1: Basic sequence leading to the formation of an NMR signal
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The above process allows the generation of a spectrum for compounds 
whose atoms have a nucleus spin associated with non-zero magnetic 
moments. These atoms include 1H, the flourine nucleus 19F,nitrogen isotopes 
14N and 15N and many others of chemical interest. However carbon 12C 
nucleus, with even mass and atomic number, which is of param ount 
importance in biochemistry has zero magnetic moment. Therefore this limits 
the NMR analysis of com pounds involving carbon to the 13 C isotope which 
has 1.1% abundance in nature (Gunther, 1995).
Some im portant aspects of NMR analysis include:
• Several resonance signals are generated for various protons in a molecule, 
this is due to the residence of the protons in different chemical environments 
w ithin the molecule. The resonance signals are separated by chemical shifts .
• The area under a given signal, obtained by integration is directly 
proportional to the num ber of protons that are giving rise to the signal.
• Spectral lines are not always singlet, that is, some characteristic splitting 
patterns are followed thereby forming triplets or quartets. This is given rise 
by spin-spin coupling (magnetic interactions between different angle).
The above two spectral param eters namely, the chemical shift and spin-spin 
coupling have m ade the application of proton NMR in general a useful tool in 
the study of biomolecules. The uses extend as far as elucidating unknown 
chemical structure on the basis of chemical shift, which gives information 
regarding the chemical environment in which nucleus that has given rise to a 
signal is located. Integration of a spectrum indicates the relative num ber of 
nuclei present. Spin-spin coupling allows the definition of the positional 
relationship between nuclei. The m agnitude of this interaction- the coupling 
constant (J), is dependent upon the num ber of bonds between the nuclei. The 
multiplicity and intensity of the resonance signals are due to the num ber of 
protons present in the neighbouring groups (Gunther, 1995).
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3.1.4.2 Rationale fo r  the analysis offish oils
The ratio of the olefinic protons (R0) (5 5.1-5.6), allylm ethylene protons 
(Rm) (52.6-3.0) and that of the aliphatic protons (5 0.6-2.5) has been reported 
to change as a consequence of fish oil oxidation (Saito & Nakamura, 1990). 
The above ratio is m easured in cod and haddock for a period of one year. 
The samples were stored at -30 °C (Control samples) and -10 °C. Oil 
extracted according to the method mentioned on section 2.2.1. was 
periodically analysed to follow any possible changes (Saito and Nakamura, 
1990, Saito and Udagawa, 1992, Saito, 1997).
3.2 Materials and methods
3.2.1 Microscopic analysis of ice crystals
Equipments
• Microtome (Bright, Huntington, England)
• Diaplan microscope purchased from Feitz.
• VID camera: JVC KY-F30B/3CCD
Materials
• Glue for microscopical cryotomy: (BDH & Gurr, products num ber 36160 3E)
• Liquid nitrogen
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Method
1 Frozen fish fillets were cut into the correct transverse and longitudinal 
sections using a sharp scalpel at -30°C.
2 The sections were glued onto a sectioning unit for further thin sectioning 
(40-50 pm) thickness, the tem perature inside the microtome chamber was 
about -30°C (Fig. 3.1a).
3 Once sectioned into the desired thickness, the sample was transferred onto 
a slide and shuttled to the cold stage for viewing under the microscope at- 
20°C
4 The desired sites on the tissue were video recorded simultaneously.
5 The pictures were saved into a CD.
Controlled tem perature channel
Video + 
Monitor
Microscope fitted with 
a cold stage unit & 
video camera
Microtome
uid nitrogen
Figure 3.1a: Idealised diagram  to show the equipm ent set up  used to 
investigate ice-crystals. The tem perature control unit uses liquid nitrogen 
to keep the tem perature of the microscope stage and the channel at about 
-20°C.
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3.2.2. PV analysis
The method described in chapter two section 2.3 was used to measure PV for 
oil extracted from frozen cod and haddock muscle.
3.3.2 M DA analysis
The m ethod described in chapter two section 2.5 was used to analyse MDA 
in fish oils extracted from cod and haddock muscle.
3.4.3 NM R analysis of fish  oils
Materials
• BoroSilicate NMR glass tubes
• CDC13/ 99.8% purity (BDH, Poole, UK)
• Oxygen free Nitrogen (OFN)
Method
Cod and haddock oils extracted from frozen muscles were subjected to*H 
NMR analysis in CDCI3 solution, 50 mg /0.5m l of CDCI3. 1H  spectra were 
obtained at 300.14 MHz using a pulse fourier transform NMR, equipped 
w ith a 7.05 Tesla magnet. The FID were obtained with recovery delay of 1.6 s 
and a sweep w idth of 4.5 Khz. 128 scans were collected at approximately 
25°C.
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Data Analysis
The different signals in the NMR spectra have differing levels of intensities. 
The area under each signal is proportional to the am ount of protons giving 
rise to it. A step curve produced by a built-in integrator is proportional to 
the area of the signal. The area under the curve was therefore integrated to 
give quantitative results.
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3.3 Results and discussion
3.3.1 Ice crystal form ation in  Gadus morhua and  Melanogrammus aeglefinus
In fish muscle systems, the final size of the ice crystals is a function of the 
rate of nucleation, crystal growth and the final tem perature reached by the 
muscle. Frozen cod and haddock fillets developed ice crystals, the size 
differed depending on the rate of freezing and storage temperature. The size 
of the ice crystals nucleated in the control samples which were stored at - 
10°C for 24 hours and subsequently transferred into - 80°C (Fig. 3.2), were of 
continuous structure and larger in size than those in the matching fillets 
stored at -25°C for 24 hours and then transferred into -80°C, which showed 
smaller sized and discontinuous ice crystals (Fig. 3.3). The effect of the 
different ice crystals formed in cod and haddock fillets frozen at -10°C and - 
30°C for up to one year are shown in figures 3.4-3.14. Cod fillets stored at- 
10°C and -30°C showed marked differences in the size of ice crystals 
formed and the damage incurred upon the fish tissue by the ice crystals.
Figures 3.4 and 3.5 show the longitudinal and cross section of cod fillet 
stored at -10°C for one year respectively, these samples indicated large ice 
crystals relative to the matching cod fillet stored at -30°C for one year (Figs.
3.6 and 3.7). The muscle fibres were squashed by the large ice crystals 
formed, thereby dam aging the muscle fibre constituents, which are mainly 
proteins and lipids.
H addock fillets stored at -10°C and -30°C depicted a similar pattern of ice 
crystal growth as described for cod muscles. Figures 3.8, 3.9, 3.10 and 3.11 
show ice crystals and haddock muscle fibres for fillets stored at -10°C, these
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figures indicated substantial dehydration and rupture in haddock muscle. 
This was noticeable by the extended white tissue and discontinuous fibres of 
the muscle. A transverse section of the fillet also showed the developm ent of 
large ice crystals relative to the matching fillet stored at -30°C (Figure 3.10). 
The longitudinal section of the matching fillet that was stored at -30°C (Figs 
3.12 and 3.13) developed smaller discontinuous ice crystals. However the 
muscle fibres were thinner relative to the control samples at -80°C. This was 
caused by the pressure exertion of the ice crystals although the muscle fibres 
w ere continuous.
Crystallisation of ice involves two steps, that is the formation of the nuclei 
and later, the growth of the nuclei to a specific ice crystal size. Nucleation is 
due to supercooling, which is the difference between the actual tem perature 
and the that of the solid-liquid equilibrium (Fennema, 1973). Water 
molecules join the nuclei that have formed with a m inimum supercooling.
All the samples in this study were frozen slowly to the specific tem peratures 
mentioned above. This process of freezing contributed to the size of the ice 
crystals formed, since slow freezing allows the sample tem perature to stay 
close to the solid-liquid equilibrium curve for long period of time; as a result 
the rate of nucleation is low and few nuclei were formed. This finally led to 
the growth of relatively large ice crystals. The difference between the ice 
crystal sizes for -10°C and -30°C stored samples is due to the final storage 
tem perature and the rate of freezing.
The damage to the muscle was markedly high in samples stored at -10°C and 
-30°C for one year com pared to the -80°C stored samples. This was due to 
the fact that final ice crystals formed a t -80°C were much smaller than those 
a t -10°C or -30°C. A t -10°C and -30°C, the outer region of the fish muscle
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freezes by m agnitude supercooling reaching the outer zone of the muscle, 
however the inner region of the muscle does not get as much m agnitude 
supercooling relative to the outer zone due to the thermal gradient, hence ice 
nucleation occurs very slowly in the inner zones of the muscle leading to the 
formation of large ice crystals (Bevilacqua and Zartizky, 1980). As far as the 
intra and extra cellular regions of the muscle are concerned, ice crystals 
mainly form in the extra cellular space of the cell. This is due to the slow 
freezing process of the muscle, that is the heat removal rate from the muscle 
system is not high enough to eliminate more heat than that originated by the 
crystallisation of the extra^ cellular ice, as a result the intra cellular 
com partment does not form ice crystals (Martino et al., 1998).
The effectiveness of frozen storage is determined by the process of freezing 
prior to the storage. In this study slow freezing caused the growth of big ice 
crystals in the extra cellular space. In turn, the solute level of the unfrozen 
phase gradually increased, thus decreasing the vapour pressure. At 
tem peratures as low as -10°C and -30°C the ice crystals formed cannot 
penetrate the cell membrane, hence the w ater molecules w ithin the cells stay 
supercooled bu t not frozen (Martino, 1999). This allows the vapour pressure 
of the intracellular fluid to rise above that of the extracellular fluid and that 
of the ice crystals. This eventually leads to cellular dehydration as w ater 
vaporises and diffuses out of the cells to the extracellular space due to the 
vapour pressure difference. As a result there is a decrease in in tracellu lar 
supercooling. Eventually considerable cellular shrinkage takes place due to 
the large extracellular ice crystals as a result of the water that was deposited 
on the previously established ice crystals (Love,1966; Fennema, 1973; 
Martino, 1999). The size of the ice crystals was greater at a higher final 
storage tem perature (-10°C) compared to tire lower storage tem perature 
(~30°C).
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Cell shrinkage affects both the protein and the phospholipid components of 
the fish muscle tissue. Changes in the proteins mainly, myosin, collagen and 
WSP have been extensively studied and this is discussed in chapter six and 
eight (Dyer and Dingle, 1961; Shenouda, 1980 Mackie, 1993). Changes in 
lipid component of fish muscle is mainly due to the unsaturated fatty acid 
components of the phospholipids, which make up the cell membrane lipid 
bilayer. The presence of unfrozen fluid phases also allows the activity of 
certain enzymes such as lipases and phospholipases (Fernandez-Reiriz et al. 
1995) and lipoxygenase  (Saeed and Howell, 2000) which cause lipid 
hydrolysis and oxidation.
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Figure 3.2 : Ice crystals in control cod muscle. The sample was 
frozen at -10°C for 24 hours and then transferred into -80 °C for 
three m onths. Longitudinal section, (XI50 magnification).
1 |  muscle fibre -► ice crystals
Figure 3.3 : Ice crystals in control cod muscle. The sample was 
frozen at -25°C for 24 hours and then transferred into -80 °C for 
three months. Longitudinal section, (X150 magnification).
I  Muscle fibre — ► Ice crystals
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Figure 3.4: Ice crystals in cod muscles stored at -10°C for twelve months. 
Longitudinal section, X 150 magnification
; ' - I  Muscle fibre  ► Ice crystals
Figure 3.5 : Ice crystals in cod muscle stored at -10°C for 
twelve months. Transverse section, X 150 magnification.
- |  Muscle fibre ----- ► Ice crystals
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Figure 3.6 : Ice crystals in cod muscle stored at -30°C for 
12 months. Longitudinal section, X 150 magnification.
Muscle fibre  ► Ice crystals
Figure 3.7 : Ice crystals in cod muscle stored at -30°C for 12 
months. Longitudinal section, X 150 magnification.
Muscle fibre  ^.Ice crystals
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Figure 3.8: Ice crystals in haddock muscle stored at -10°C for 12 
months. Longitudinal section, X 150 magnification.
Muscle fibre — ^  Ice crystals
Figure 3.9 : Ice crystals in haddock muscle stored at -10°C for 12 
m onths. Longitudinal section, X 150 magnification.
Muscle fibres  ► Ice crystals
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Figure 3.10 : Ice crystals in haddock muscle stored at -10°C for 12 
months. Cross section, X 150 magnification.
Muscle fibres  ► Ice crystals
Figure 3.11 : Ice crystals in haddock muscle stored at -30°C for 12 
months. Cross section, X 150 magnification.
Muscle fibres -► Ice crystals
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Figure 3.12: Ice crystals in haddock muscle stored at -30°C for 
12 months. Longitudinal section, X 150 magnification
Muscle fibres -► Ice crystals
Figure 3.13 : Ice crystals in haddock muscle stored at -30°C 
for 12 months. Longitudinal section, X 150 magnification
E E  Muscle fibres — ► Ice crystals
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3.3.2 Peroxide value
Th peroxide value (PV) of cod and haddock oil extracted from fresh and 
frozen fillets was determined using the calibration curve (Fig. 3.14). 
Changes in the concentration of PV are shown in figures 3.15 and 3.16. Cod 
and haddock lipid hydroperoxides increased markedly after frozen storage 
compared to the fresh samples. Lipids extracted from cod and haddock 
fillets stored at -10°C depicted higher PV relative to the matching fillets 
stored at -30°C (Fig. 3.15 & 3.16). The difference in the PV concentration 
between oil extracted from fish fillets at -10°C and -30°C is possibly due to 
the degree of free water activity, that is supercooled water, which did not 
turn into ice crystals. Supercooled water is more abundant in samples stored 
at -10°C relative to samples stored at -30°C (section 3.1). Supercooled water 
has dual action in fish muscle or food systems. At low levels it acts as an 
antioxidant by decreasing the catalytic activity of metals by quenching of 
free radicals. Water hydrates lipid hydroperoxides and changes the 
mechanism of lipid hydroperoxide decomposition thereby reducing the rate 
of free radical formation. However at high concentration, water acts as a 
prooxidant. This is facilitated by the concentration of muscle components 
that are important in the lipid oxidation process but are non reactive at low 
water levels due to the encapsulation into the matrix of non reactive muscle 
components. Water acts as a plasticiser of this matrix and hence allows the 
mobility of some reactants and catalysts (Karel, 1980).
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Figure 3.14 : Peroxide value standard curve
The level of PV dropped sifter five and eight months of storage for cod and 
haddock oils respectively. This is due to the conversion of the primary lipid 
oxidation products into myriad secondary lipid oxidation products 
including, aldehydes, alcohols, ketons and hydrocarbons (Angelo, 1996). 
Alternatively the primary lipid oxidation products interacted with amino 
acids (Saeed et al., 1999) and proteins (Chapter 8) in the system. Interaction 
between lipid oxidation products and proteins is facilitated by their sheer co­
existence in cell membrane structure, this in turn has denaturing effect on the 
proteins (Kannel & Rosenthal, 1992; Sankaram et al., 1991). PV for samples 
stored at -30°C were much lower compared to -10°C, the difference was more 
pronounced in haddock compared to cod samples. PV can be used to detect 
the early stages of lipid oxidation in frozen cod and haddock fillet, however 
after prolonged storage the concentration fall may not indicate the status of 
the fish muscle. Therefore PV determination needs to be complemented 
with other lipid oxidation finger printing techniques to get a complete profile 
of the oxidative status of the fish tissue. One of the techniques that can be 
used is the determination of malondialdehyde.
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Sample and storage conditions
Figure 3.15 : Peroxide value for oil extracted from fresh
and frozen stored cod fillets at -30°C (B) and 10°C (B) 
for two, five and eight months.
15
Fresh had H-2m H-5m H-8m H-lOm
Sample and storage period
Figure 3.16: Peroxide value for oil extracted from
fresh and frozen stored haddock (H) fillets at -30°C
(B) and -10°C (B) for two, five, eight and ten 
months; months (m)
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3.3.3 M alondialdehyde determ ination
Malondialdehyde (MDA) is secondary lipid oxidation product. In the 
current analytical method employed, it has been recognised that the reagent 
thiobarbituric acid (TBA) does not specifically bind to MDA and therefore 
the measured paarmeter is termed thiobarbituric acid reactive substance 
(TBARS) (Kinter, 1995; Esterbauer et al., 1993). Tetraethoxypropane (TEP) 
was used as a standard (Fig. 3.17) for the quantitative determination of MDA 
level in fresh and frozen cod and haddock muscles (Fig. 3.19 and 3.20). TEP 
was used as MDA is not stable enough to be used as a standard. TEP is 
hydrolysed under a mild acidic condition to yield MDA and ethanol. The 
MDA thus formed was then reacted with TBA to give the typical pink 
chromagen (Angelo, 1996), the MDA-TBA complex which absorbs at 532 nm. 
Cod and haddock fillets showed similar pink chromagen which absorb at 
532 nm and with the same retention time as the standard (Fig. 3.18).
Fig. 3.19 shows TBARS for fresh and frozen cod samples. The level of TBARS 
rose after frozen storage, particularly for fillets stored at -10°C compared to 
the matching fillets stored at -30°C. However this trend was reversed for the 
cod fillets stored up to a year at ~10°C, that is the level of TBARS for fillets 
stored at -10°C was lower than the matching fillets stored at -30°C. These 
were unexpected results, since the primary lipid oxidation products which 
are higher in samples stored at -10°C, are converted into secondary oxidation 
products, thereby increasing the level of MDA and other carbonyl 
compunds. However it is possible that the aldehydes produced may 
interact with the proteins or DNA in fish muscle resulting in a decreased 
level of MDA after prolonged storage period at -10°C. As for the increase in
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MDA values for the matching fillets at -30°C may be attributed to the 
delayed deterioration of the fish.
Fig. 3.20 depicted changes in the TBARS level for fresh and frozen haddock 
fillets. The concentration of TBARS for samples stored for five months at 
-10°C was substantially higher than the matching haddock fillets stored at 
-30°C and the fresh haddock samples. However, after five months storage, 
the level of TBARS for haddock fillets stored at -30°C was slightly higher 
than the matching fillets stored at -10°C. This trend continued right to the 
last batch of samples analysed after twelve months storage, which showed 
an extensive increase in TBARS for fillets stored at -30°C compared to -10°C 
stored samples.
The concentration of TBARS for haddock samples was not expected, since 
secondary oxidation products are supposed to increase as the level of 
primary oxidation products decrease (Section 3.2). Some possible 
explanation for this outcome is the presence of other compounds that react 
with TB A, which are not related to lipid peroxidation and respond at 532 nm 
including, some sugars , amino acids, urea and biliverdin (Esterbauer, 1993; 
Raharjo & Sofos, 1993). These interfering substances are usually present in 
concentrations lower than MDA, therefore the degree of interference is 
usually dependent upon the ratio of die interfering substances to that of 
MDA (Esterbauer, 1993). In this case, the degree of interference was lower at 
the beginning of the study period, that is eight months for cod and five 
months for haddock samples, however subsequent analysis of fish samples 
indicated higher degree of interference. Careche & Tejada (1988) looked at 
the effect of formaldehyde upon the TBA test for the determination of MDA, 
they showed that formaldehyde interfered with the test. The level of 
formaldehyde was found to increase in cod samples upon frozen storage
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(Badii & Howell, 2000). Hence the level of formaldehyde (FA) at the early 
stages of the storage was low enough not to have interfered significantly 
with the test, however after one year of storage the level of formaldehyde 
was too high and hence disturbed the ratio of MDA-TBA. hi contrast 
haddock samples, which did not produce enough level of formaldehyde 
even after prolonged frozen storage, other compounds must have interfered 
with the test, or alternatively MDA might have interacted with the proteins. 
(Raharjo & Sofos, 1993; Del Mazo et al., 1994). Thus the TBARS 
determination is useful for fish samples stored for not more than six months. 
For secondary oxidation determination for samples stored for over six 
months other approaches need to be exploited such as that of Holley et ah,
(1993) which employed CH l/as a reagent and fluorescence detector.}
*
cy cl ohexanedione
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Figure 3.18: Chromatogram to showTBARS extracted from fish 
tissue —
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Figure 3.19: Concentration of TBARS extracted from fresh cod 
fillet and fillets stored at -10°C H and -30°CB for three months, 
eight months and one year; m=month.
fresh 5m 5m 8m 8m 10m 10m 12m 12m
Sample
Figure 3.20: Concentration of TBARS extracted from fresh 
haddock fillet and fillets stored at -10°C H and -30°CH for five 
months, eight months, ten months and one year; m=month.
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3.3.4 1H NMR study of the olefinie (R0) and diallylm ethylene 
(Rm)
NMR is a useful technique which can be used to follow lipid deterioration in 
cod and haddock. Since the oxidation of PUFA is a free radical process 
leading to the developm ent of hydroperoxides, the process leads to a 
decrease in the unsaturated fatty acids. In 1H NMR spectra, this is reflected 
by a decrease in the relative ratio of olefinie protons to the aliphatic protons 
(R0). This has special implication since fish oil contains relatively high level 
of PUFA. Upon oxidation, the total am ount of olefinie protons are reduced 
dramatically relative to the aliphatic protons. Figure 3.21 and 3.23 show 
proton NMR spectra for cod and haddock oil, some of the prom inent 
resonances are assigned in table 3.1.
The gradual decrease in R0 (relative value of the olefinie region) is shown in 
figures 3.22 and 3.25. The R0 value for samples stored at -30°C is higher than 
samples stored at ~10°C. These trends show that the oxidative deterioration 
of both cod and haddock oil occurs at the expense of PUFA, which have 
more than two double bonds in their alkyl chain. Hence the protons 
attached to the unsaturated double bonds of these molecules decrease 
gradually w ith prolonged storage. The difference between the samples 
stored at -10°C and -30°C decreased over the storage period. Although 
samples stored at -30°C undergo relatively less oxidative deterioration, 
eventually the degree of deterioration in both storage tem peratures gets 
closer.
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Rm (ratio of diallylmethylene protons to the aliphatic protons), (Figs. 3.23 and 
3.26) decreased in a similar way to R0. Rm decrease is related to the process 
of free radical initiated lipid damage. The methylene groups are directly 
linked to the double bonds in the PUFA and hence a reduction in the protons 
of the methylene group is closely associated w ith hydrogen abstraction due 
to lipid oxidation. Therefore, their reduction as a result of prolonged frozen 
storage at -10°C and -30°C showed PUFA deterioration in frozen cod and 
haddock. The level of Rm is higher in samples stored at -30°C compared to 
those samples of -10°C. However Rm values in both storage tem perature 
drew  closer after about twelve months of storage, a similar trend to R0 values 
indicating high levels of oxidation at -30°C after twelve months of storage.
Antioxidant treatm ent of cod muscle has shown interesting results, figure 
3.27, the % of R0 and Rm for antioxidant treated samples were higher than 
control samples. Butylated hydroxy toluene (BHT; 500ppm) treated samples 
had the highest level of R0. BHT stabilises PUFA against free radical damage 
by scavanging the radical from peroxy radical, thereby generating phenoxy 
radical which can react further w ith other peroxy radicals. The presence of 
carbonylic groups on the aromatic ring can also inhibit oxidative rancidity 
through transition metals by metal chelation mechanism (Hudson & Lewis, 
1983; Shahidi & W anasundra, 1992; Arora et al., 1998). Increasing public 
concern regarding the adverse effects of synthetic antioxidants have led 
industries to resort more and more to a naturally existing antioxidants such 
as Rosemary extract. Rosemary extract has two potent antioxidant 
com pounds (carnosic acid and carnosol), rosemary reduced lipid oxidation 
effectively, their mechanism of action is based on the phenolic nature of the 
compounds (Frankel, 1996; Halliwell & Gutteridge,1999). These natural 
antioxidants are now  getting renewed attention as industries tend to replace 
synthetic antioxidants w ith natural ones. a-Tocopherol is effective
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antioxidant. It has an OH functional group that is responsible for 
scavanging free radicals from LO2, by reacting w ith peroxyl radicals at a 
much faster rate than the free radicals ability to react w ith the neighbouring 
PUFA. a-tocopherol can also quench and react w ith O2. It reacts slowly 
w ith O2", and may further react w ith peroxyl radicals to terminate the 
reaction by forming non-radical product (Halliwell & Gutteridge, 1999; 
Fuches, 1998).
Conclusion
aH  NMR spectroscopy analysis of oxidative lipid deterioration has the 
following advantages over peroxide value (PV) and thiobarbituric acid 
reactive substances (TBARS):
PV begins to decrease w hen the hydropero/xides formation is superseded 
by their conversion (decomposition) into the secondary lipid oxidation 
products. This occured after five to eight months of storage. Whereas R0 
and Rm continued to decrease regardless of the age of the sample (Saito, 
1990), thus giving a better indication of the level of oxidation.
TBARS involve intensive sample preparation which is both time 
consuming and may introduce additional lipid oxidation during analysis if 
adequate care is not taken. TBARS was also susceptible to interference from 
other compounds.
Hence the NMR analysis of lipid oxidation in frozen fish fillets using R0 and 
Rm ratios is superior to traditional m ethods such as peroxide value and 
TBARS and is as good as analysis of conjugated dienes by HPLC or Raman 
spectral analysis. Antioxidants were effective in delaying lipid oxidation 
processes. Both natural antioxidants rosemary (100, 250, 500 ppm) and 
vitam in E (250 ppm) were effective, although not as effective as 500 ppm
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BHT. Further w ork is required to address the synergistic mixtures of 
antioxidants.
Table 3.1: NM R signal assignm ents for cod oil
Peak 5 [ppm] Proton A ssignm ent
A 7.22-7.27 CHCls Chloroform
B 5.28-5.5 CH=CH Olefinie
C 2.6-3.0 c h 2-c =c -c h 2 Diallylm ethylene
D
1.20-1.34 (CH2)n A lkyl Chain
E 1.38-1.48 C H 2C H 2C O O H Acyl Chain
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Figure 3.21: NMR spectrum for cod o i l : Olefinic protons (8 5.1-
5.6); allylmethylene groups (82.6-3.0) and aliphatic protons (8 0.6-
2 .5) r
Fresh 2 3 5 5 8 8 12 12
Storage period (months)
to aliphatic protons
Figure 3.22: Change in the ratio of olefinic protons^Rc) in cod oil 
extracted from fresh and frozen cod samples stored at-10°C (H) 
and -30 °C (M) for up to 12 months.
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Figure 3.23: Change in the ratio of allylemethylene^ (Rm) in fresh 
and frozen cod samples stored at-10°C (B ) and -30 °C (B ) for 
up to 12 months.
12 10 8 6 4 2 0
ppm
Figure 3.24: 1H NMR spectrum for haddock oil : Olefinic protons 
(8 5.1-5.6); allylmethylene groups (82.6-3.0) and aliphatic protons 
(8 0.6-2.5). '
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Fresh 2m 5m 8m 10m 12m 
Storage period (months)
to aliphatic protons
Figure 3.25: Change in the ratio of olefinie (R0) region^in fresh and frozen 
haddock samples stored at-10°C (■ ) and -30 °C (■).
to aliphatic protons
Figure 3.26: Change in the ratio of allylmethylene^(Rm) in fresh and 
frozen haddock samples samples stored at -10°C(B) and -30 °C(B).
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Figure 3.27: R0 and Rm value for antioxidant treated cod fillets; 
rosemary extract (lOOppm, 250 ppm, 500ppm), vitamin E (250ppm) 
and BHT (250ppm) and stored at -10°C for eight weeks. Samples 
were compared with control (cod fillets with out antioxidant).
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4. INVESTIGATION OF CONJUGATED DIENES TO 
FOLLOW OXIDATIVE DETERIORATION OF LIPIDS 
IN GADUS MORHUA  AND  MELANOGRAMMUS 
AEGLEFINUS LIPIDS
4.1 Introduction
Lean fish contains approximately 1% (w/w) oil, which is composed of long 
chain co-3 and co-6 fatty acids, such as docosahexaenoic acid (DHA), 
eicosapentaenoic acid (EPA) and linoleic acid. PUFA are prone to oxidative 
damage (Frankel, 1991), due to the presence of 2-6 double bonds. The 
oxidative changes in PUFA give rise to rancidity and off flavours in fish 
muscle (Mackie, 1993).
Lipid oxidation causes tissue damage in a variety of biological material, such 
as fat containing food, human and animal muscles (Aubourg, 1993; 
Halliwell & Gutteridge; 1999, Esterbauer, 1993). Lipid oxidation is initiated 
by any species that is capable of abstracting hydrogen from the -CH2- 
(methylene group) of the PUFA, such as singlet oxygen, metal or enzyme 
(Gardner, 1989). The presence of more than one double bond weakens the 
attachment of hydrogen atoms on the methylene group in the PUFA acyl 
chain compared to saturated fatty acids (Halliwell & Gutteridge, 1999). The 
reaction between hydrogen abstracting species and PUFA is 
thermodynamically feasible (Bilski et al., 1990). It has been shown that 
conjugated dienes are formed due to the oxidation of PUFA side chains in 
the initial stages of lipid oxidation process ( Corongiu et al., 1986). 
Conjugated dienes (CD) are stable and hence detectable lipid oxidation 
products. Lipid oxidation causes various undesirable effects in both 
biomedical and food biochemical systems (Simic & Karel, 1980). Lipid
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hydroperoxides and hydroxides result in the loss of quality in food systems 
(Frankel, 1982). The purpose of the current study is to follow changes in 
frozen lean fish fillets. The traditional PV determination is compared with an 
HPLC method developed in our laboratory ( Saeed & Howell, 1999).
R i R2
13 trans cis hydroxide 
(1 3 H 0D A  trans-ds)
R1 R2R1 R2
13 trans cis hydroperoxide Pentadienyl radical 
(13 HPODA trans-ds)
,0 0 -  , 0 '
/= \ r \  — -  r = \ r \
R1 R2 R1 R2
9 trans cis hydroperoxide 9 trans cis hydroxide 
( 9  HPODA trans-ds) (9 HODA trans-ds)
R2
9 trans trans hydroxide 
(9-HODA trans-trans)
R2 R1
R1
R2
9 trans trans hydroperoxide 
(9 HPODA trans-trans)
'R2
OO
R1 Ri
R2
r2
13 trans trans hydroperoxide 
(13- HPODA trans, trans)
13 trans trans hdroxide 
(13 HODA trans trans)
Scheme I: Conjugated diene (CD) hydroperoxides rearrangement of 
methyl linoleate. CDs are detectable at 234 nm. The four major 
hydroperoxides are converted into a more stable hydroxides in the 
process of sample preparation (Porter et al., 1995; Saeed & Howell, 
1999).
The HPLC analysis of hydroxides is a good indicator of lipid oxidation of 
pure lipid samples and fish oil in the early stages. Original studies on CD 
were however undertaken by spectroscopy (Corongiu et al, 1986). The HPLC 
method developed is more sensitive and can be used to detect the different 
isomers of the conjugated diene products (Saeed & Howell, 1999; Spiteller & 
Spiteller 1997). Saeed & Howell (1999) identified 9-HODA and 13-HOD A 
from the oxidation of linoleic acid using GC-MS. HPLC peaks generated by
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the UV irradiated methyl linoleate and the oil extracted from the frozen 
stored fatty fish samples exhibited the same retention time.
___________________ Chapter four: Analysis o f conjugated diene in cod and haddock lipids
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4.2 Materials and methods
4.2.1 Principles of sorbent extraction
In sorbent extraction, the sorbent is first conditioned to expose the functional 
groups of the sorbent (PSA) to the sample. As a particular sample is passed 
through the sorbent bed, it is either adsorbed or eluted through the 
sorbent depending on the partition coefficient of the isolate. The degree of 
attraction of a particular species towards the solvent or the sorbent is 
governed by a num ber of isolate properties, including hydrophobic and 
electrostatic interactions of the isolate with the sorbent. Retention is the
s a m p le  is
phenomenon when the adsorbed onto the sorbent, thereby causing the solute 
molecule to be immobilised on the sorbent surface as the sample passes 
through the sorbent bed. The retention behaviour of the solute molecule can 
be altered by selecting the appropriate solvent. Isolate molecules are 
desorbed or eluted by a solvent to which the isolate is more strongly 
attracted than it is to the sorbent.
r
i ii m  iv  v
Figure 4.1a: Schematic presentation of retention and elution of isolate m olecule. 
A fter conditioning the sorbent bed (I), the sam ple is introduced onto the sorbent 
colum n (II) , once the isolate molecules are adsorbed on the sorbent, the rem aining  
com ponent o f the sam ple is rem oved by selecting an appropriate solvent (III) ;  fin a lly  
the bound isolate molecules (IV ) of interest are eluted using an appropriate solvent 
(V).
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4.2.2 Conjugated diene (CD) preparation
Materials
Hexane (Analar grade), acetone (Analar grade), methanol (HPLC grade) and 
acetic acid (high purity); all reagents were purchased from BDH, Poole, UK. 
Polysufonyle amine (PSA) solid phase extraction colums (500mg) were 
obtained from Varian, Harbor City, California, USA. Fish oil was extracted 
from cod and haddock fillets stored at -10°C and -30°C as described in 
chapter two section 2.1.
Preparation of Hydroxides
Polysulfonile amine (PSA) column was conditioned using 5 ml of hexane. 
A small amount of sodium sulphate (20-30 mg) was applied on to the 
cartridge to trap moisture in the column reservoir. Once conditioned the 
cartridge was not allowed to dry. Extracted fish oil (20 pi) was applied onto 
the column. The column was washed with 5 ml hexane to elute all non­
polar constituents of the oil. Finally the polar hydroperoxides and 
hydroxides which were retained in the column sorbent were eluted using
c J }
7ml acetone. The acetonejwas dried completely under vacuum or oxygen 
free nitrogen (OFN) and reconstituted in 1ml acetone. The flow rate was at
8-10 drops per minute. The use of the vac-master facilitated the analysis of 
up to ten samples simultaneously.
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Figure 4.1: A diagram  to show  the procedure for preparing  hydroxides
from  fish  oil
5 ml 30 mg
hexane sodium
ri sulphate
2 0 pi oil 5 ml hexane 7 ml acetone
V V V V
r n  r n  r
4.2.3 HPLC analysis
A reverse phase (Supelcosil, LC-18, 25 cm X 4.6 mm, 5 pm diameter;
Suppelco, UK) was used through out the study. Thermal Separation HPLC 
uV
and Detector was used. A mobile phase of 65% methanol + 100 pi of acetic 
acid was employed. The sample was diluted in the mobile phase at (1:1 v /v) 
ratio. The flow rate was at 1ml per minute. Each separation lasted for 30 
minutes. The eluting hydroxides were detected at 234 nm and the peaks 
were assigned according to Saeed and Howell (1999).
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4.3 Results and D iscussion
Conjugated diene (CD): The HPLC chromatograms depicted the stable
hydroxide forms of linoleic acid, that is their conjugated diene forms which 
absorb UV light at 234 nm, as shown in scheme I (Corongiu et ah, 1986; 
Kehrer, 1993; Saeed & Howell 1999, Porter et ah, 1995; Henderson & 
Slickman, 1999). The peaks were identified using assignments of standard 
lipid hydroxides as previously analysed by HPLC and GC-MS (Saeed and 
Howell, 1999; Jira et ah, 1996).
Lipid hydroxide products from oil that was extracted from cod and haddock 
fillets at zero time and after frozen storage at -10°C and -30°C, for two, five, 
and eight months are presented in figures 4.2-4.8. Each sample was run in 
duplicate or triplicate. Oil extracted from fresh fish samples showed the 
presence of 13-HOD A trans-cis (A) (Figs. 4.2 and 4.6). After two months of 
storage both cod and haddock oils contained significant amount of 
hydroxides which were higher in fillets stored at -10°C compared to the 
control fillets stored at -30°C. 13-HODA trans-cis (A) in cod oil stored at 
-10°C increased compared to the control oil extracted from fish stored at 
30°C (Fig. 4.3). In addition other isomers of linoleic acid oxidation products 
were detected, which include, 13-HODA trans-trans (C) and 9-HODA trans- 
trans (D) (Fig. 4.3). Haddock oil extracted from fillets stored -10°C for two 
months 13-HODA trans-cis (A) increased compared to the control oil (Fig. 
4.7). After five month of storage at ~10°C cod oil depicted a prominently 
high level of 13-HODA trans-cis (A) compared to the control cod oil at -30°C 
(Fig. 4.4). Five month old cod oil also showed new conjugated diene 
hydroxide peaks namely, 9-HODA trans-cis (B), this peak was higher in oil 
samples extracted from fillets stored at ~10°C compared with control 
samples (Fig. 4.4).
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Haddock oil produced slightly lower level of hydroxides than cod oils after 
five months of frozen storage. The level of hydroxides was higher in oils 
extracted from fillets stored at -10°C compared to the control (-30°C) stored 
samples that is, 13-HOD A trans-cis in samples from -10°C showed a 
dramatic increase compared to the to the control haddock oils. Additionally
9-HODA cis-trans which was not detected in haddock oil extracted from 
fillets prior to five months old showed dramatic increase in oil samples 
stored at -10°C compared to control samples (Figure 4.8).
After eight months of storage, both cod and haddock oils showed a 
decreased level of hydroxides compared to previous samples (Figures 4.5 
and 4.9). In cod the difference between the sample stored at -10°C and -30°C 
(control) decreased in the case of 13-HODA trans-cis, that is, the difference is 
only 28% (Figure 4.5) as opposed to 97% in five month old samples ( Figure, 
4.4). The other isomers, such 9-HODA trans-cis and 13- HOD A trans-trans, 
were present in low levels in both five and eight months stored fish (Figs. 4.4 
and 4.5). Haddock oil showed very little difference between the oil extracted 
from -10°C and control sample from -30°C after eight months of frozen 
storage, although some new isomers were detected which have not been 
identified as yet (Figure 4.9).
Peroxide Value (PV): The PV results complemented the conjugated diene 
chromatograms and showed a similar pattern for both cod and haddock. 
All the oil samples extracted from cod and haddock fillets stored at -10°C 
gave rise to a significantly higher PV than the control oil extracted from 
fillets stored at -30°C (Figures 3.15 and 3.16). PV in cod oil started falling 
after reaching a peak level at two months of storage. In contrast the PV in 
haddock oil did not show a sharp fall similar to that of cod oil after eight 
months of storage.
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Figure 4.2: Chromatogram for fresh cod oil. Peak A is 13-
HODA trans-cis, B is 9-HODA trans-cis, C is 13-HODA trans- 
trans, and, D is 9-HODA trans-trans.
10 20
Time (minutes)
30 40
Figure 4.3: Chromatogram for cod oil extracted from fillets stored 
at -10°C (B ) and -30°C (B ) for two months. Peak A is 13-HODA 
trans-cis, B is 9-HODA trans-cis, and C is 13-HODA trans-trans,
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Figure 4.4: Chromatogram for cod oil extracted from fillets 
stored at -10°C (B) and -30°C (B) for five months. Peak A is 
13-HODA trans-cis, B is 9-HODA trans-cis
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Figure 4.5: Chromatogram for cod oil extracted from 
fillets stored at -10°C (B )and -30°C (B ) for eight months. 
A is 13-HODA trans-cis, B is 9-HODA trans-cis, and C is 
13-HODA trans-trans,and D is 9-HODA trans-trans.
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Figure 4.6: Chromatogram for fresh haddock oil. A is 13- 
HODA trans-cis.
Figure 4.7: Chromatogram for haddock oil extracted from fillets 
stored at -10°C (B ) and -30°C (H ) for two months. A is 13- 
HODA trans-cis.
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Figure 4.8: Chromatogram for haddock oil extracted from fillets 
stored at -10°C (B) and -30°C (B) for five months. A is 13- 
HODA trans-cis, B is 9-HODA trans-cis.
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Figure 4.9: Chromatogram for haddock oil extracted from fillets 
stored at -10°C (B) and -30°C (B) for two months. A is 13- 
HODA trans-cis, B is 9-HODA trans-cis,
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The level of lipid oxidation increased dramatically as a result of storage at 
relatively higher freezing temperature. This is indicative of the rancidity and 
oxidation of the oil in the fillets. The identification of all possible hydroxides 
formed in oxidised fish oil is difficult due to the abundant presence of EPA 
(eicosapentaenoic acid) and DHA (docosahexaenoic acid) in addition to 
other PUFA, such as linolenic acid. The number of possible hydroperoxides 
is usually related to the number of double bonds present in the molecule, 
which is equal to 2n-2, where n is the number of double bonds. Oxidised 
forms of EPA and DHA were not detected by the current method; this is 
probably due to the presence of five and six double bonds in EPA and DHA 
respectively, which in turn have very high capacity to get oxidised and 
change into secondary oxidation products in a much shorter time scale 
compared to linoleic acid. Linoleic acid hydroxides were detectable due to 
the presence of fewer double bonds which make it more stable than EPA and 
DHA. Similar observations were previously reported for arachidonic acid by 
Wolfgang et al. (1996). The level of malondialdehyde (MDA) increased 
consistently up to a period of one year of storage -30°C (1.58-3.35 pg/ml). 
MDA is a secondary lipid oxidation product, which increased as the 
hydroxide level fell after prolonged storage (Figs. 3.19 & 3.20). Ultimately 
primary lipid oxidation products (hydroperoxides) are converted into the 
secondary products mainly via the (3-cleavage (chain cleavage) at the C-C 
position adjacent to the hydroperoxy group (Esterbauer, 1993).
The types of hydroxides that are prominent in lean and fatty fish are almost
similar, apart from the ratio of the isomers formed. In the present study on
cod, 13-HODA trans-cis was prominent in the initial stages of storage
whereas in mackerel 9-HODA trans-cis was prominent in the first six months
of storage ( Saeed & Howell, 1999). In haddock, both 9-HODA trans-cis and
13 HODA trans-cis were prominent throughout the storage period. In
addition to the identified hydroxides, lean fish oil showed some other minor
v
hydroxide peaks, which are pending identification.
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4.4 Concluding remarks
In the light of the above results it is concluded that linoleic acid oxidation 
products are easily detected and therefore important biochemical parameters 
which may be useful in fingerprinting the oxidation process and different 
stages of lipid oxidation in fish oil and possibly in human LDL (low density 
lipoprotein) fraction or oils from other animals.
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5 INVESTIGATION OF LIPID CHANGES IN 
FROZEN GADUS MORHUA AND MELANOGRAMMUS 
AEGLEFINUS BY FT-RAMAN SPECTROSCOPY AND  
GAS CHROMATOGRAPHY
5.1 Introduction
Fish oil is susceptible to oxidative damage. This is due to the abundant 
presence of polyunsaturated fatty acid (PUFA). PUFA are oxidised as a 
result of exposure to light, oxygen, enzymatic processes and metals present 
in the fish tissue (Frenandez-Reiriz et al., 1995; Halliwell & Gutterdige, 1999). 
Although freezing of fish fillets reduces the rate of lipid oxidation, the 
oxygen containing gaseous microenvironment surrounding the fish muscle 
leads to a slow deterioration of the fish lipids (Powrie, 1984; Mackie, 1993). 
PUFA oxidation in fish fillets results in the production of hydroperoxides 
and aldehydes which cause protein denaturation (Sikorski et al., 1976, 
Matsumoto 1979, Mackie,1993 & Sikroski & Kolakwska, 1994; Saeed et al., 
1999). Several studies have shown that the presence of co3 and co6 PUFA are 
effective in reducing blood cholesterol level and controlling atherosclerosis 
(Schmidt, 1997; Leaf &Weber, 1988). However, this beneficial effect of fish 
oil may not be obtained from fish fillets after oxidation on prolonged storage.
Changes in the fatty acid acyl chains, carbon double bonds, C-H stretching 
and carbonyl bonds can be followed using FT-raman spectroscopy as 
exhibited by the vibrations of the hydrocarbon chains (Parker, 1983; 
Agbenyega et al, 1991; Beaten et al, 1998). Polyene index and % decrease of 
of C22:6n3 (Shono & Toyomizu, 1971) were calculated using gas 
chromatographic analysis of fatty acid methyl ester derivatives (FAMES) of 
fish oil.
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5.1 Materials and methods
5.2.1 Fish oil extraction
Fish oil was extracted from fresh and frozen cod and haddock fillets as 
described in chapter two, section 2.%.
5.2.2 Preparation of FAMES
Fish oils were derivatised into fatty acid methyl esters (FAME) prior to their 
analysis using gas chrom atography according to the m ethod described in 
chapter two, section 2.4.
5.2.3 Calculation of polyene index and  % decrease of C22:6N3
Polyene index (PI): The fatty acid methyl esters separated using gas 
chromatography were used for this calculation. This was calculated using 
the peak areas of C20:5, C22:6 and C16:0, then PI w as computed using 
(C20:5+C22:6/C16:0) according to the method of Lubis & Buckle (1990).
% Decrease rate o f C22:6N3: This was computed according to the formula 
proposed by Shono & Toyomizu (1971).
/  |C22:6/tC16:Q ^
% Decrease rate of C22:6N3 = ^ 1- 0c22-6/oC16’0 /  J-UU
Where, t= % of C22:6 after storage period, 0=% of C22:2N3 at zero time .
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5.2.4 FT-Raman spectroscopy sample analysis
Raman spectra were acquired on a Perkin Elmer 2000 FT-Raman 
Spectrometer (Beaconsfeild, Buckinghamshire, UK) fitted with, a laser 
generated power of 1923 mW, long-range KBr beam splitters and sample 
optics based on 180° back scattering lens system. For the purpose of this 
study 800 mW was employed. The sample chamber has a dimension of 24 X 
24 X 35 cm. The system was calibrated using sulphur before every analysis. 
150 mg neat fish oil samples in a glass pyrex container under OFN were used 
for the study. The samples were m ounted on an x,y and z adjustable 
platform, alignment of the samples in the laser position was achieved by 
monitoring the Raman spectrum in real time and adjusting the sample 
position in the x, y and z directions. Each sample was scanned 32 times at 4 
cm-1 resolution.
5.2.5 Data Pretreatment
The FT-Raman spectra were base line corrected by m ulti-point base line 
correction methodology using Grams 32 (Galactica, Salem, USA). The 
spectra were also smoothed using the Savitsky-Golay thirteen point 
smoothing function ( Savitsky & Golay, 1964).
5.2.6 C=C and CH2
Raman scattering intensities arising from C=C (1712-1618 cm-1) and CH2 
(1517-1391 cm-1) stretching vibrations were used as parameters to follow 
alterations in haddock and cod oils. The ratio of the area underneath these 
bands was used to follow alterations in the double bonds in cod and 
haddock oils ( Bailey and Horvat, 1972).
C=C f  1712-1618 
CH2 = J  1517-1391
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5.3 Results and D iscussion
5.3.1 Polyene index and % decrease rate of C22:6N3
2 2  3 3 4 4 9 9  12 12
Storage period (months)
Figure5.1: Polyene index (PI) in cod fillets stored at -10°C (B) 
compared to the control fillets stored at -30°C (B)
Figure 5.2: Changes in C22:5N3 content (%) in cod fillets stored at -10°C (B) 
and -30°C (B)
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Figure 5.3: PI change for haddock fillets stored at -10°C and -30°C for 
up to twelve months.
Figure 5.4: Decrease of C22:6N3 (%) in cod fillets stored at -10°C and 
-30°C for up to twelve months.
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Fish FAMES were analysed using menhaden oil FAMES standard. Polyene 
index (PI) and % decrease in C22:6N3 were calculated on the basis of fatty 
acids extracted from fillets stored at -10°C and ~30°C . Figs 5.1 and 5.3 
depict that the level of PI was higher in samples stored -10°C compared to 
the control samples stored^-30°C. This is due to increased phospholipid 
hydrolysis in fish samples stored at -10°C/ similar results have previously 
been reported by Hardy et al. (1979) and Olley & Lovern (1962). Recently 
Fernandez-Reiriz et al. (1995) showed that the level of rayfish PUFA 
increased significantly in samples stored at -18°C relative to fillets stored at 
-40°C.
C22:6N3 is one of the most abundant ©-3 PUFA. A change in C22:6N3 is a 
very sensitive parameter, hence useful for following and finger printing fish 
oil oxidation. The percentage decrease of C22:6N3 was higher in fish oils 
extracted from fillets stored at -10°C compared to fresh cod and haddock oils 
(Figs. 5.2 and 5.4). Although the level of PI was higher in samples stored at 
-10°C compared to samples stored at -30°C, as a result of increased 
hydrolysis of the phospholipids of cod and haddock oils stored at -10°C; the 
% decrease of C22:6N3 was higher in samples stored at -10°C relative to 
samples stored at -30°C (control) (Figs. 5.2 and 5.4). This is due to the two 
simultaneous processes that are occurring in cod and haddock oils, namely 
hydrolysis of the phospholipids and oxidation of PUFA. The more PUFA 
are released from the phospholipids the higher the number of PUFA 
available for oxidation, hence cod and haddock stored at -10°C depicted 
higher % decrease of C22:6N3 compared to the control samples. Eventually 
after twelve months of storage at -10°C, the loss of C22:6N3 due to oxidation 
is higher than the preceding samples (Figs. 5.2 and 5.4). Phospholipids 
contain most of the PUFA in lean fish muscle. It is generally accepted that 
free fatty acids are more susceptible to oxidative deterioration compared to
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the esterified form of fatty acids, that is when they are a phospholipid moiety 
(Shewfelt, 1980; Labuza, 1971). At temperatures as high as -10°C, some
c*
water molecules are not frozen, instead they stay in a supercooled state, which 
in turn facilitate enzyme activity (Chapter three). Phospholipase activity in 
cod was noted as early as 1959 (Lovern et al, 1959). Hydrolysis in cod and 
haddock is autolytic and not bacterial; heating was found to inactivate 
phospholipid hydrolysis due to enzyme denaturation (Lovern & Olley, 
1962).
5.3.2 FT-Raman spectra of fish oil
FT-Raman spectra present a series of bands with various Raman scattering 
intensities and forms (Fig. 5.5 and 5.6). Certain region of the spectrum have 
very good signal to noise ratios, such as the bands marked A-D. These 
bands correspond to different types of vibrations, that is, stretching (v) and 
bending (5) of various groups of atoms (Sadeghi-Jorbachi et al, 1990). Region 
A ( 3100-2800 cm-1), (Figs. 5.5 and 5.6) shows various Raman shifts at 2960, 
2917, 2877 and 2855 cm-1. These are characteristic vibration (v) of the 
symmetric and assymetric forms of C-H, which belong to the terminal 
chains of methyl (CH3) and methylene (CH2) groups of aliphatic molecules. 
These bands occur at a significantly higher wave numbers of the spectra in 
other edible fats and oils , such as olive and walnut oils, which has an 
aliphatic region attached to the CH2 and CH3 (Baeten et ah, 1998), whereas 
fish oil contains carbon atoms of highly unsaturated groups linked to the 
methylene groups thereby reducing the Raman shifts ( Baranska et al, 1987; 
Baeten et ah, 1998).
Bands in the region of 1660 (region B) provide very useful information. The 
band is characteristic of the C=C stretch of olefinic molecules. As shown in r 
both Raman spectra (Figs. 5.5 and 5.6), these bands have a very strong 
scattering over the Raman shift range of 1670-1630 cm-1 (Figs. 5.5 and 5.6).
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This band is sensitive to various internal and external factors, such as the 
number of double bonds conjugated to it and the loss of double bonds due to 
oxidation. Bands in the region 1510-1390 cm-1 (region C) shows the 
deformation vibration of 5(C-H). Several workers have employed 5(C-H) to 
determine the level of unsaturation in oils and fats (Baeten et al, 1998; 
Sadeghi-Jorbchi et al, 1990; Bailey & Horvat, 1972). Raman shift between 
1350-1224 cm-1 shows two strong bands centred at 1296 cm-1 and 1267 cm-1. 
The band near 1296 is most probably a methylene twisting deformation, 
whereas the second band at 1266 cm-1 is the cis- triene isomer (Sadeghi- 
Jorabchi et al, 1991)
Region E gives relatively less specific information. Raman shifts between 
1100-1000 and 900-800 depict three-four bands which are due to the vibration 
of the skeletal C-C bonds ( Baranska et al, 1987; Baeten et al, 1998).
Wave number (cm4)
Figure 5.5: FT-Raman spectrum for cod oil. A: C-H vibrations of 
aliphatic molecules; B: C=C stretch of olefinie molecules; C: 
Deformation vibrations of C-H; D: Methylene twisting
deformation
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Wave number (cm4)
Figure 5.6: FT-Raman spectrum for haddock oil. A: C-H vibrations 
of aliphatic molecules; B: C=C stretch of olefinie molecules; C: 
Deformation vibrations of C-H; D: Methylene twisting deformation
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Arbitrary
Wave number (cm-1)
Figure 5.7: Ft-Raman Spectrum for Cod oil. Raman shift for 1800-1200 
Cm -1. Bands in the region of 1712-1618 and 1517-1391 arise from 
the stretching vibrations of C=C and CH2 respectively.
Arbitrary
Wave number (cm'1)
Figure 5.8: FT-Raman Spectrum for Haddock oil. Raman shift 
for 1800-1200 Cm -1. Bands in the region of 1712-1618 and 
1517-1391 arise from the stretching vibrations of C=C and CH2 
respectively.
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Storage period in  months
Figure 5.9: Decrease in C=C/CH2 ratio in cod oil extracted from fillets stored at -  
10 °C (•) and control fillets stored at -30 °C (■), N= 3.
Storage period in months
Figure 5.10 Decrease in C=C/CH2 ratio in Haddock oil extracted from fillets 
stored at -10 °C (•) and control fillets stored at -30 °C (■), N=2/3.
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Figures 5.7 and 5.8 show Raman shifts for C=C and CH2 region of the FT- 
Raman spectra (1800-1200 cm-1) for cod and haddock oil. The level of 
unsaturation can be determined using the ratio of C=C and CH2 (Li-Chan, 
1996; Agbenyega et al., 1991; Bailey et al„ 1972). In the current study this 
ratio was used to calculate the level of unsaturation of fish oils extracted 
from fresh and frozen cod and haddock fillets.
5.3.2.1 Effect of frozen storage
Cod oil extracted from fresh cod and frozen fillets stored at -10°C and -30°C 
showed that C=C/ CH2 ratio decreased gradually during storage. The ratio of 
C=C/CH2 for oil extracted from fillets stored at -10°C decreased by 35%, 
whereas the control sample showed less pronounced decrease of 25% after a 
storage period of one year (Figs. 5.9 and 5.10). The increase of C=C/CH2 in 
the initial three months of storage for cod and haddock oils stored at -10°C is 
probably due to increased phospholipid hydrolysis, which increased the 
level of PUFA. After the third month of storage the C=C/CH2 ratio in the 
-10°C fillets was lower than that of the control fillets. This can be attributed 
to the subsequent conversion of the primary lipid oxidation products into 
secondary lipid oxidation products, which was higher in fillets stored at 
-10°C compared to the control samples upon prolonged storage. In contrast, 
the delayed oxidation in the control fillets, especially for cod oil showed 
slower C=C/CH2 fall (Fig. 5.9).
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Haddock oil behaved in a similar manner to cod oil. The ratio C=C/CH2 
decreased by 45% after twelve months of storage at -10°C compared to the 
control fillets at -30°C which decreased by 36 % (Fig. 5.10).
Similarly, haddock oil extracted from control fillets showed an increase in 
C=C/ CH2 after three months of storage, whereas the oil extracted from the 
fillets stored at -10°C increased after two months of storage. This confirms 
that the hydrolytic enzyme activity is lower and delayed at -30°C compared
to -10°C (Figs. 5.9 and 5.10). Thus, in the final 9-12 months of storage, oil 
extracted from both cod and haddock stored at -10°C showed a progressive 
decrease in C=C/ CH2 compared to the control fillets.
5.3.2.2 The effect of storage temperature
Overall according to figures 5.9 and 5.10, C=C/CH2 decreased in both 
storage temperatures in both species, cod and haddock. However there is an 
overlap between the -10°C and -30°C stored fillets. This overlap occurs at 
two stages during the frozen storage period for both species, that is, at about 
3V2 and 10 months for cod and 3V2 and 11 months for haddock oils. Possible 
reason for this overlap is delayed oxidation process occurring in samples 
stored at -30°C compared to samples stored at -10°C. The first overlap 
occurred during the first four months of storage, which is representative of 
the increased hydrolysis level of phospholipids as evidenced by increased 
level of C=C/CH2. When hydrolysis was overtaken by the oxidation of 
PUFA, there is a dramatic fall of C=C/CH2 after the initial increase of 
C=C/CH2.
The presence of high levels of unsaturated fatty acids makes fish oil prone to 
oxidative damage. The level of C=C decreases due to the oxidation of PUFA
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into lipid hydroperoxides. The level of hydroperoxides increased with 
storage (Saeed & Howell, 1999; Chapter three and four). The oxidation of 
the double bonds in fish PUFA led to the development of alkoxy radicals 
(Porter, 1995) thereby reducing the C=C in fish oils extracted from frozen 
fillets. Agbenyega et al. (1991) found similar results on oxidised standard 
oleic, linoleic and linolenic acid methyl esters.
5.4 Concluding remarks
The presence of high levels of PUFA in fish oil makes the measurement of 
C22:6n3 a practical parameter for following the degree of lipid oxidation in 
oils extracted from frozen fish. FT-Raman spectroscopy permitted the 
quantitative measurement of oil rancidity on the basis of C=C to CH2 ratio, 
during frozen storage. Two advantages of FT-Raman spectroscopy are 
reduced data acquisition time and the circumvention of sample preparation 
step. However greater distinction between storage temperatures can be 
achieved by using cooling system during analysis. Since the laser beam 
bombardment restricted scan period and may have contributed towards the 
post storage period oxidation thereby affecting the final ratio of C=C/CH2. 
Applying chemometric analysis on the whole fish oil spectra of cod, haddock 
and other species to detect oxidative changes could enhance the usefulness 
of this method further.
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6 THE EFFECT OF FREEZING ON INTACT MUSCLE 
OF LEAN DEMERSAL FISH (GADUS MORHUA  AND  
MELANOGRAMMUS AEGLEFINUS) PROTEINS -A  
DIFFERENTIAL SCANNING CALORIMETRY STUDY
6.1 Background
The effect of freezing on the protein constituents of fish muscle has long 
been of interest to food biochemists (Love, 1969; Sikorski, 1976; Matsimuto, 
1979; Mackie, 1993; Tejada & Careche, 1996; Careche et al., 1999; Badii & 
Howell, 1999). Although freezing is one of the best methods of preserving 
the functional and organoleptic properties of fish, the texture and 
appearance of fish muscle deteriorate gradually during frozen storage. 
Several factors including: handling procedures prior to freezing, rate of 
freezing, presence of protective agents, temperature and period of storage 
determine the shelf life of fish. These factors affect the quality of fish that 
usually reaches the consumer and processing industries after several days of 
being caught. Cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) 
which have high commercial value become tough and unpalatable due to 
protein aggregation during frozen storage (Tejada et al., 1996, Badii and 
Howell, 1999). There are several factors that may be responsible for protein 
denaturation including ice crystal formation, the production of 
formaldehyde and increased lipid oxidation products (Chapter three and 
four). To understand the underlying factors causing protein denaturation a 
detailed study of the biochemical changes in frozen fish is essential in order 
to enhance the safety and eating quality.
Protein denaturation and conformational changes cause the aggregation of 
mainly myofibrillar proteins due to hydrophobic and disulphide bonds. 
These conformational changes can be measured by differential scanning 
calorimetry (DSC) (Sikorski et al., 1975; Dingle et al., 1977; Lim & Haard, 
1984, Tejada et al., 1996, Careche et al., 1998). In DSC the heat absorbed or 
released by the sample to undergo denaturation is detected as an
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endothermic or exothermic peak as a function of increasing temperature. 
The temperature reached when half of the protein is denatured is referred to 
as the transition temperature (Tm) and the total energy required to denature 
the protein is referred to as enthalpy change (AH).
The purpose of the current study was to establish thermodynamic 
parameters in cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) 
proteins by measuring conformational changes as a result of freezing and 
frozen storage using differential scanning calorimetry (DSC). The use of 
intact fish muscle can be related to changes in the fish flesh proteins.
6.1.2. Theoretical background of diffrential scanning calorimetry 
(DSC)
DSC is essentially used to analyse changes in thermodynamic processes of 
macromolecules, cells, muscle, or polymers; this is achieved by increasing 
or decreasing the temperature in a highly controlled environment where the 
forces which stablise the macromolecule conformation are destablised. In 
turn, this brings about the de-conformation of the macromolecule thereby 
generating valuable information regarding the conformational behaviour 
and structure of the sample.
6.1.2.1 What does microDSC  measure ?
In DSC the specific heat capacity is measured as a function of temperature. 
Assume that the specific heat capacity of a solute, c2 is given by the 
expression below:
C2 = Ci+Vw2(c-Ci)
Where c : The specific heat of the solution 
c i: The specific heat of the solvent 
W2: The weight fraction of the solute
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The difference between c and c2 is extremely small. It is essential to use a 
differential scheme of measurement whereby c-ci can be determined 
directly. This criteria is established in DSC by using two closely matched 
cells or ampoules with equal volumes (or weight) of solution containing the 
sample of interest and the solvent or buffer. By simply heating or cooling 
the cells in the microDSC a change in the apparent heat capacity is achieved.
Figure 6.1: A typical DSC thermogram obtained for the reversible or non- 
reversible denaturation of a protein. T0 = onset temperature, Tm = transition 
temperature (Temeprature at Cex.max), ATi/2 = width of the transition in °C at 
V i  C e x .m a x , Cex.max =  the maximum value of the excess apparent specific heat, 
AH = enthalpy change; corresponding to the integrated area under the peak 
(shaded area).
The excess apparent specific heat, Cex is the amount of heat by which the 
solute or the sample exceeds the baseline specific heat. At this stage it is 
imperative to mention that accurate baseline determination is not easy , since 
there is no direct observation during the transition period. The apparent 
specific heat of a thermogram of a native protein is directly proportional to
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the temperature, on the other hand the apparent specific heat of a denatured 
protein is independent of the temperature.
Having obtained the thermodynamic properties at a macroscopic level, then 
attempts can be made to relate them to the microscopic conformational 
changes that take place within the macromolecule or the muscle under 
study. In addition, changes of the macromolecule as a result of altered 
environment can be detected.
6.1.2.2 Theoretical aspects of data interpretation
Samples analysed using DSC undergo two types of processes:
A Two state process: In this process the macromolecule undergoes permanent 
apparent specific heat capacity change accompanied by denaturation of 
single or non manner (Sturtevant, 1987), that is the macromolecule denatures 
without any intermediates from the completely native state to the fully 
denatured state in a single transition.
A < ->  B
For the two state process the following expression is applicable:
dlnK AHvh
L dT Jp RT2
Where K is the equilibrium constant of the process 
T is the absolute temperature 
A H v h  is the Van't Hoff enthalpy 
R is the gas constant 
P denotes constant pressure
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For the above process T1/2 and Tm are independent of concentration and that 
any equilibrium  process observed during ascending tem perature is always 
endothermic.
AHvH =  ART2 Cex,l/2 
Ahcal
Where Ahcai is the calorimetric specific enthalpy
T is the Absolute tem perature at which the process is half completed 
Cex.1/2 is the excess specific heat at T1/2
A is a constant at which the two state process has the value of 4
The excess specific heat is determ ined at a constant pressure in a 
tem perature derivative of the enthalpy function:
Cp =  [TH/dT J P
The enthalpy is given by:
H(T) =  T,J Cp + H
Enthalpy is obtained by integration of the heat capacity curve. The enthalpy 
(H(T) = AHcai) is a m easure of the total heat involved in the process 
(Chowdhry & Cole, 1989).
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 131
Chapter six: DSC studies of intact Gadus morhua and Melanogrammus aeglefinus muscle
B Non-two state processes: These processes occur in large macromolecules 
w ith more than one transition, that is they are multi-transitional and are 
more complex than single transition systems. They arise due to the gradual 
unfolding process of the protein w hen heated. Two models are considered 
to explain multi-state transitions. The first one states that the multi-state 
macromolecule (protein) transition is due to the presence of several domains 
w ithin the macromolecule, where each dom ain unfolds in separate distinct 
single state transition, the second m odel states that unfolding occurs in 
strictly sequential steps (Sturtevant, 1987). The overall process may be 
presented as follows:
Pi «->P2 «*-^P3 <->P4 <-*P5<^P6
6.2. Materials and methods
6.2.1 Fish supply and frozen storage
Lean demersal gadoid fish namely, cod (Gadus morhua) and haddock 
(Melanogrammus aeglefinus) were caught in the N orth sea, Aberdeen, 
Scotland and were treated according to the protocol described in chapter 
two, section 2.1.
6.2.2 Protein determination of cod and haddock
Protein concentration of cod and haddock fillets was determ ined according 
to the Kjeldahl m ethod as described in section 2.4.2.
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6.2.3 Instrumentation
A Setaram microDSC VH-is equipped w ith a thermostated liquid loop. It is 
based on tem perature control carried out using two stages of Peltier-effect 
thermo-elements, allowing w orking tem peratures between -45°C and 120°C. 
The m ain unit of the microDSC is the transducer (1) which is contained in 
two alum inium  chambers, internal (2) and external (3) chambers. They are 
protected in a protecting parallel piped-block. The calorimetric block of 
microDSC VII is composed of a metallic cylinder (1) w ith a high thermal 
conductivity. The two m atched cavities (4) take sample and the reference 
experimental vessels. Each vessel is surrounded by very high sensitive 
plane flowmeter (5) perform ing the thermal connection w ith the calorimetric 
block. By arranging the two flowmeters on the m easurem ent and reference 
vessels in opposition, interference common to both vessels was removed. 
The calorimetric block is thermally connected to the internal control 
chamber (2) which sets the interm ediary tem perature of the calorimeter. A 
Peltier-effect thermo-element (6) is placed between the block and the 
chamber to evacuate heat tow ard the interm ediary chamber (2). A second 
peltier-effect thermo-element was placed between the interm ediary chamber 
and the external chamber (3). The external chamber heat capacity was set by 
the circulating liquid (9).
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6.2.4 DSC analysis of fish muscle
The analysis of fish muscle was undertaken as follows:
1 The sample and reference vessels were cleaned using distilled water and 
acetone three times and dried thoroughly. It was ensured that dust or any 
sample were not left in the vessels and leads.
2 O-rings for the lid of both vessels were replaced with each run. The O-rings 
ensure that the sample and reference are sealed and are protected against 
any water evaporation during the thermal cycle.
3 Cod muscle (0.5 g) from each of three matching fillets were taken and mixed 
thoroughly with a scalpel at 4°C. Approximately 0.5 g cod muscle was 
weighed directly into the microDSC vessels. The same am ount (± 1.0 mg) of 
water was weighed into the reference vessel. The vessels were sealed with 
the lid after all traces of the fish tissue or water was removed from the top- 
internal region of the vessel, so as to ensure that the lid screws in neatly. 
Haddock muscle was treated in the same manner.
4 The sample vessel was kept at 4 °C until loaded into the DSC.
5 Prior to loading into the microDSC, both vessels were flushed with acetone 
and dried with a clean dry tissue and immediately loaded into the 
appropriate chamber of the microDSC.
6 The samples were analysed using the same double thermal cycle at 0.2 °C per
minute as shown below. The data in the red scanning region was saved for 
analysis.
Figure 6.3: A typical DSC scan cycle. The data corresponding to the red 
lines were both saved for analysis.
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6.3 Results and discussion  
6.3.1 Gadus morhua
Tem perature /°C
20  25  30  35  40  45  50  55 6 0  65  70
Temperature °C
Figure 6.4 : DSC thermogram for fresh post rigor cod muscle, the main Tm values 
are shown shown for each transition. The deconvoluted peaks for each transition 
are as follows: Transition I (mainly Myosin): I  Collagen; B  Hinge; B  light 
meromyosin (LMM); B  Heavy Meromyosin (HMM); Transition II & III (water 
soluble proteins): , B , B , B , B , B  andB are all globular protein components of
WSP; transition IV: lavender Actin.
The above thermogram, (Fig. 6.4), shows the different transitions obtained 
for fresh cod muscle upon denaturation of the muscle proteins. The specific 
proteins responsible for these transitions have previously been assigned by 
several workers (Davies et al., 1988). The first transition, including the 
shoulder were assigned to myosin (Martens & Void, 1976, W right et al, 1977, 
Akahane et al, 1985, Potekhin et al, 1979 Davies et al, 1988; Schubring, 1999). 
However in this study It was shown that the first shoulder (dark blue) with 
Tm value 29.59 °C is collagen. The shoulder at approximately 31.9°C was 
assigned to the hinge, the tip peak at 34.9°C (sea green) was assigned to light 
meromyosin (LMM) and the shoulder at 38°C (Indigo) was assigned to 
heavy mero myosin (HMM) (Chapter 8). Peaks II at 48.53°C and III at 54.46 
°C are due to the w ater soluble sarcoplasmic proteins (WSP). Peak IV 
depicting a main peak at 64.4°C (lavender) was assigned to actin and a 
shoulder at 60.9°C (violet) is possibly due to one of the water soluble 
proteins (WSP) and a shoulder transition (green) is assigned to actin (Davies
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et al., 1988). Although these assignments have been m ade for proteins in 
different terrestrial animal species as well as fish muscle, the contribution of 
other muscle components such as lipids and DNA are likely to be present, 
albeit in very small concentration. It is imperative to mention that water 
soluble proteins have a plethora of globular proteins thereby showing 
multi-state transitions which span between 28°C-80°C (Chapter 8). Hence it 
can not be stated definitively that in a muscle system, the specific transitions 
are due to a single protein.
In this study the four main transitions were used to follow changes in the 
fish proteins due to freezing, transition I (mainly myosin), transition II and 
III (WSP proteins) and transition IV (actin).
Figure 6.5: DSC thermogram for Figure 6 6. DSC thermogram for
cod muscle stored at -10°C (B) cod muscle stored at-10°C  (B) and
and -30°C (■ ) for two months. _3c)oC (B ) for five months
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Figure 6.7: DSC thermogram for cod muscle stored at -10°C (B) 
and -30°C (B ) for eight months
Figure 6.8: DSC thermogram for cod muscle stored at -10°C (B ) and 
-30°C (B ) for thirteen months
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DSC thermograms for cod are shown in fig. 6.4-6.8. The m ost dom inant 
proteins are myosin, collagen, w ater soluble proteins (WSP) and actin. 
Figure 6.5 shows the thermogram  for cod muscle after two months of storage 
at -10°C and -30°C. Cod muscles stored for five, eight and thirteen months 
are shown in figures 6.6, 6.7 and 6.8. These thermograms were used to 
calculate the Tm and AH values for the above mentioned proteins in fresh 
and frozen cod muscle.
Figure 6.9 showed the Tm for the first transition, which as described earlier is 
mainly myosin and a collagen shoulder, the tip of the peak Tm value is 
considered for the purpose of comparison between cod muscle stored at - 
10°C and -30°C (control). After the storage period of thirteen months, Tm 
values dropped for both matching cod fillets stored at -10°C and -30°C 
(control), that is from 34.7°C to 33.6°C and 34°C respectively. However after 
two months of storage cod fillets stored at -10°C gave rise to a slightly higher 
Tm value relative to die fresh cod, that is from 34.7°C to 35.2°C after a period 
of two months. However Tm value after a period of five m onths was similar 
to the fresh Tm value.
AH for the first transition, (Fig. 6.13) showed that after five months of storage 
at -10°C, the value of AH decreased, that is from 0.6882 J /g  to 0.4613 J /g . 
Samples stored at -30°C gave rise to a higher AH value relative to the fresh 
sample throughout the storage period, 0.6882-0.9256 J /g , an increase of 25% 
after thirteen months of storage.
In contrast, die Tm shift for the second transition (WSP), did not show a 
significant change during the first eight months of storage at both -10°C and 
-30°C(Fig. 6.10). After 13 m onths of storage at -10°C the Tm increased by
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about 2°C, whereas the control sample did not increase significantly. AH 
value for the second transition (Fig. 6.14), showed a consistent increase for 
the control samples and a consistent decrease after two months of storage for 
samples stored at -10°C.
The Tm for the third transition (part of the WSP proteins), was not detectable 
in all the samples analysed and hence did not show consistent change (Fig. 
6.11). The AH value however, decreased with time for the control samples 
(Fig. 6.15), bu t for samples stored at -10°C AH value was not possible to 
determine as the transition was not present in most of the samples.
An increase in the Tm value for the fourth transition was observed for the 
samples stored at -30°C and -10°C (Fig. 6.12). However, after thirteen 
months of frozen storage the Tm was higher in fillets stored at -10°C 
compared w ith fresh and frozen fillets stored at -30°C. AH increased in both 
-10°C and -30°C samples, w ith higher AH values for samples stored at -10°C 
(Fig. 6.16).
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Figure 6.9: Transition tem perature change for the first transition of 
cod muscle stored at -10°C and -30°C for up to thirteen months.
Figure 6.10: Transition tem perature change for the second 
transition of cod muscle stored at -10°C and -030°C for up to 
thirteen months.
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Figure 6.11: Transition tem perature change for the third transition of cod 
muscle stored at -10°C and -30°C for up to thirteen months.
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Figure6.12: Transition tem perature change for the fourth transition of 
cod muscle stored at-10°C and -30°C for up to thirteen months.
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Figure6.13: Enthalpy change for the first transition of cod muscle stored 
at -10°C and -30°C for up to thirteen months.
Figure 6.14: Enthalpy Change for the second transition of cod muscle 
stored at -10°C and -30°C for up to thirteen months.
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Figure 6.15: Enthalpy Change for the third transition of cod muscle 
stored at -10°C and -30°C for up to thirteen months.
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Figure 6.16: Enthalpy Change for the fourth transition of cod muscle 
stored at -lOoC and -30oC for up to thirteen months.
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6.4.2 Melanogrammus aeglefinus
Haddock muscle thermograms indicated three prom inent transitions (Figs. 
6.17-6.21). Figure 6.17 shows a peak fitted thermogram for fresh post rigor 
haddock muscle. The quasi independent two state transitions were assigned 
according to the references quoted for cod muscle (Fig. 6.14). There is a 
slight variations in the num ber of transitions depicted by cod and haddock 
thermograms. The m ain difference between the two species is the absence of 
transition III (part of the WSP proteins) in haddock muscle, although there is 
a shoulder in the same region as seen in the peak fitted thermogram  (Fig. 
6.17). Hence the discussion for the haddock muscle transitions will be 
restricted to only three transitions, that is transition I (mainly myosin), 
transition II (WSP proteins) and transition III (actin). Figure 6.18 shows the 
DSC thermogram for haddock fillets stored at -10°C and -30°C for two 
months. Thermograms for haddock muscle stored for five, eight and thirteen 
months are showed in figures 6.19, 6.20 and 6,21.
Tm values for the first transition did not show consistent change during the 
first eight months; however, after thirteen months of storage the Tm value 
decreased by about 1.5°C and 1°C for samples stored at -10°C and -30°C 
respectively (Fig. 6.22). Fig. 6.25 show changes in AH for the first transition; 
which decreased consistently for both -10°C and -30°C stored fillets w ith 
time of storage. However, fillets at -10°C exhibited a lower AH value 
compared to those stored at -30°C.
The Tm value for the second transition (WSP proteins) increased consistently 
over the storage period, that is from 46.77 to 50.12°C (Fig. 6.23). After 
thirteen months of frozen storage, the Tm value increased by more than 3°C. 
The matching fillets at -30°C also showed an increase in Tm value bu t at a 
slower rate(Fig. 6.23). AH values increased except for the thirteen m onth old
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sample stored at -10°C, which showed a dramatic fall (Fig. 6.26); this 
indicates that the sample may be dehydrated.
Tm for the third transition (mainly actin) increased progressively with 
storage time. Fillets stored at -10°C exhibited higher Tm values than fillets at 
-30°Q which were similar to the fresh sample. Fig. 6.24 shows that AH 
increased in all the frozen samples progressively w ith time. Fillets stored for 
thirteen months at -10°C exhibited an increase in AH by more than 0.4 J /g  
(Fig. 6.27). An increase in these thermodynamic parameters is thought to be 
due to polymerisation of actin (Bertazzon & Tsong, 1990).
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Temperature PC
20 25 30 35 40 45 50 55 60 65 70
Figure 6.17: DSC thermogram for a fresh post-rigor haddock muscle. The main 
transitions are numbered. The peak fitted two state transitions are as follows: 
Transition I (mainly Myosin): ■ Collagen,; ■ Hinge; ■ light meromyosin 
(LMM); ■ Heavy Meromyosin (HMM); Transition II (water soluble proteins):: 
■ , are all globular protein components of WSP; transition III:
light green ■= Actin. (Section 6.1.4.1 for explanation)
Figure 6.18: DSC Thermogram for haddock fillets stored at -10°C 
and -30°C for two months.
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-10°C and -30°C for five months.
Figure 6.20: DSC thermogram for haddock muscle stored frozen at 
-10°C and -30°C for eight months.
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Figure 6.21: DSC thermogram for haddock muscle stored at 
-10°C and -30°C for thirteen months.
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Figure 6.22: Tm for the first transition of fresh and frozen haddock 
muscle.
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Figure 6.23. Tm for the second transition of fresh and frozen 
haddock muscle.
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Figure 6.24: Tm for the third transition of fresh and frozen haddock 
muscle.
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Figure 6.25: AH shift for the first transition of fresh and frozen 
haddock muscle.
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Figure 6.26; AH shift for the second transition of fresh and frozen 
haddock muscle.
Figure 6.27: AH shift for the third transition of fresh and frozen haddock 
muscle.
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6.4.3 Stabilisation forces affecting thermodynamic parameters
There are several forces that are involved in the stabilisation of muscle 
proteins in their native state. These forces are closely involved w ith the 
w ater molecules present in the system. As indicated cod and haddock 
muscle have a complex pool of proteins in a mainly (80%) water 
environment. When the forces stabilising the protein are altered the proteins 
start to shift from their native conformation towards a denatured state (de­
conformed state).
The thermograms for both cod and haddock indicated a multi-state process, 
in the sense that the proteins in the system denatured in a sequential 
manner. Changes in Tm and AH can be explained on the basis of protein 
conformation alterations as a result of storage period and freezing 
temperature. The first transition for cod muscle has an increased Tm value at 
-10°C. As explained earlier this transition is composed of mainly myosin 
and collagen. Deconvolution of the main transitions fragm ented the m ulti­
state transition into several single state transitions. Hence the Tm change is 
not specific to one protein and is qualitative indicator of their conformational 
changes. Increased Tm values relative to the fresh sample were possibly 
due to protein-protein interactions taking place between these proteins 
thereby shifting the Tm value. After freezing, Tm values progressively 
decreased possibly due to weak stablising forces that kept the proteins intact. 
The other possibility is that myosin which is the m ain protein in this 
transition formed aggregates during the storage at -10°C and -30°C (Tejada 
et al.,1996; Badii & Howell, 2000). However, the level of these interactions 
seem to change across the storage period, since Tm decreased. The reason for 
the Tm being higher at -10°C compared to that of -30°C is primarily due to
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effect of the different storage temperatures, that is the proteins at -30°C 
possibly did not interact or aggregate as much as the samples stored at -  
10°C. The newly formed bonding in the system may be contributing towards 
the higher Tm values detected in this transition. The inconsistency in the Tm 
value over the frozen storage period is probably due to differences in the 
content of connective tissue and WSP present in the fillets, as whole muscle 
was used in this analysis. Although the same fillets were used throughout 
the study, the distribution of the connective tissue across the muscle may not 
be even.
AH decreased in samples stored at -10°C whereas slightly increased AH 
values were observed in fillets stored at -30°C. A decrease in AH may be 
attributed mainly to the effect of water-protein interactions. Privalov et al. 
(1989) showed that changes in  AH can be explained by the hydration of non­
polar groups which are exposed to water upon the denaturation of a 
compact protein conformation. Similarly, Kauzman (1959) observed that 
non-polar group transfer into a w ater system was accompanied w ith an 
increase in the heat capacity of tire process. This argum ent is supported by 
the increased hydrophobicity observed in cod and haddock fillets stored at -  
10°C compared to matching fillets stored at -30°C (Badii & Howell, 2000).
The formation of ice crystals in both samples stored at -10°C and -30°C led 
to the distortion of the hydration shell that surrounds the protein molecules. 
The hydration shell is composed of w ater and is bound to the muscle 
proteins via hydrogen bonding. This arrangem ent is imperative for 
sustaining the native structure of the protein conformation. Once the 
hydration shell is displaced by stripping off the water molecules from the 
surface of the protein molecules, the native conformation is sequentially 
distorted (Khmelnitsy, 1991). Thus formation of ice crystals facilitates the
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removal of w ater molecules from the protein surface (Chapter 3, section 3.1; 
Wu, 1995). Fillets stored at -10°C were more dehydrated than fillets stored 
at -30°C. In addition, the size of ice crystals developed in fillets stored at -  
10°C was greater than the fillets stored at -30°C (Chapter 3, section 3.1). This 
may explain the fact that AH values were higher in samples stored a t -30°C, 
due to the protein hydration shell. Studies on myoglobin (Hagerdal & 
Martens, 1976), tropocollagen (Luescher, 1974), a-lactoglobulin (Ruegg et al, 
1977) and p-lactoglobulin (Ruegg et al., 1975) showed that increasing % of 
w ater has led to increased AH value consistently, whereas the Tm decreased.
The increase in AH may be due to increased H-bonding between the solvent 
and solute. On the other hand it may be the case that at low water content 
the hydration shell is non-uniformly distributed in some of the proteins in 
the muscle system or may have been localised in some proteins upon 
denaturation. In effect this m ay have led to restricted types or am ount of 
proteins undergoing thermal denaturation (Luescher et al., 1974, Hagerdal & 
Martens, 1976).
W ater loss as a result of prolonged storage is one of the contributing factors 
towards protein denaturation and aggregation. Furthermore, freezing leads 
to alteration of the native protein structures due to the interaction of the 
protein w ith ice crystals, increased solute concentration and lipid oxidation 
products (Taborsky, 1979). The fact that there are sometimes unaccounted 
differences in the thermodynamic param eters between the fresh and frozen 
fish samples (Fig. 6.14), where the AH for the fresh sample is much lower 
than the frozen stored samples, is probably due to a possible adjustm ent of 
the protein conformation during freezing as a result of tem perature change, 
in accordance with the tem perature dependence of the stabilising forces that 
are present in the protein ( Dill, 1990; Taborsky, 1979). Entropically driven 
arrangem ents that allows the hydrophobic (non-polar) groups to fold
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inw ards and thereby avoid contact w ith water, which is associated w ith low 
entropy, has an im portant role in sustaining protein stability. However, as 
the tem perature is lowered, the w ater molecules in the muscle system 
becomes extensively hydrogen bonded, hence the w ater becomes a highly 
ordered structure, the entropic advantage of buried hydrophobic groups is 
reduced at frozen temperatures. This reduces the hydrophobic interactions 
involved in the protein integrity and nativity; eventually the protein is cold 
denatured as the hydrophobic groups are exposed w hen the compact 
conformation of ihe protein is unfolded (Privalov, 1990; Franks, 1995; 
Taborsky, 1979).
H ydrogen bonds contribute to stabilisation of proteins (Dill, 1990). As the 
tem perature drops, intra-molecular hydrogen bonding (between donor and 
acceptor amino acids of ihe protein) and intermolecular hydrogen bonding 
(between protein groups and w ater molecules) increase and become 
stronger. This is characterised thermodynamically by a drop in AH of the 
process. The effect of strong hydrogen bonding is not clearly defined as it 
may increase the overall stability of the protein or on the other hand, 
dismantle the native structure of the protein by upsetting the dom inant 
forces that m aintain the protein conformation. It has been suggested that 
extra hydrogen bonds may be formed at low temperature. This is m ade 
possible by allowing H + and OH- to access the interior of the protein core, 
however this takes place due to structural defects caused by sub-optimal 
hydrogen bonding of the peptide groups (Taborsky, 1979).
Thus freezing in general compromises the stabilising hydrophobic 
interactions by partially replacing them  with hydrogen bonding.
Another factor that is noteworthy is that the growth of ice crystals (Chapter 
3, section 3.1) impinges on the liquid volume, thus reducing the am ount of 
liquid phase available to accommodate the solute, thereby increasing the
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 155
Chapter six: DSC studies of intact Gadus morhua and Melanorgammus aeglefinus
relative solute concentration. Once a stable freezing tem perature is reached 
the m ost highly concentrated solute m edium  is created in the muscle system, 
which has high m agnitude to cause major alterations to the protein 
conformation and stability.
6.5 Concluding remarks
On the basis of the above results the following conclusions are 
drawn:
• The presence of ice crystals in frozen stored fish muscle has a 
deteriorative effect and hence reducing their size or preventing ice 
crystal developm ent can contribute to a longer shelf life of frozen 
fish fillets..
• Storage at -10 °C denatures muscle proteins and storage at lower 
tem peratures of -30 or -70°C is recommended.
• The use of cryoprotectants or antifreeze proteins may reduce protein 
denaturation.
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7 SECONDARY STRUCTURE CHANGES IN  
FROZEN GADUS MORHUA  AND
MELANOGRAMMUS AEGLEFINUS MUSCLE: FT- 
RAMAN SPECTROSCOPY STUDY
7.1 Introduction
Muscle protein deterioration occurs gradually in frozen muscles of Gadus 
morhua and Melanogrammus aeglefinus (Shenouda, 1980; Mackie, 1993, 
Sikorski & Kolakowska,1994; Badii & Howell, 2000). As described in the 
previous chapter, overall conformational changes can be investigated using 
DSC. Previous workers have shown that high molecular w eight proteins 
(aggregates) are formed in frozen fish (Matsumoto, 1980; Haard, 1992; Tejada 
et al, 1996; Badii & Howell, 2000). The basis of the molecular size alterations 
can be understood better if related to the changes in the secondary structure 
of proteins in intact fish muscle. Exposure of hydrophobic amino acids have 
been reported to be involved in causing protein aggregation (Ang & Hultin, 
1989; Careche & Li-Chan, 1997). In addition, changes in the thermodynamic 
param eter of the fish proteins inferred that the secondary structure of the 
proteins is also altered, since the dom inant forces keeping the nativity of the 
proteins are disrupted. FT-Raman Spectroscopy is a useful technique, as it 
allows the determ ination of secondary structural changes in intact fish 
muscle. Changes in the a-helix, p-sheet and p-turn content of Gadus morhua 
and Melanogrammus aeglefinus as a function of storage period and 
tem perature were investigated.
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7.1.1 Raman spectroscopy '
Raman spectroscopy is a non-destructive method used as early as 1880 and 
1910. It was discovered that molecules possess both complex and highly 
specific vibrational finger prints (Jones, 1987). The first positive results using 
liquid benzene were achieved by Chandrasekhara Venkata Raman for which 
he was aw arded nobel prize and the technique now carries his name. The 
technique was revolutionised w hen laser light was employed as light source.
7.1.1.1 Principles of Raman spectroscopy
Raman scattering is one of the phenomena that occurs w hen electromagnetic 
radiation and a molecule interact. Molecule-electromagnetic radiation 
interaction is explained using a semi-classical approach; the energy particles 
quanta, are known as photons in the electromagnetic radiation. The 
relationship between the energy of photons (E) and its frequency (v) is 
expressed by the Planck's formula:
E - hv
h is Planck's constant.
When a molecule interacts w ith a photon three types of phenomena may 
occur:
• Absorption: This takes place if the photon energy corresponds to the 
difference between two stationary energy levels of the molecule.
• Emission: Emission occurs a t the excited level of the molecule,
following a time equivalent to the life-time of the molecule at the initial
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excited state or a longer time period. The energy emitted by the photon 
corresponds to the difference between two stationary energy levels.
• Scattering: Scattering takes place immediately after photon-molecule 
interaction (within approximately Iff14 s). Scattering occurs when the 
photon-molecule interaction does not correspond to the difference 
between the two stationary energy levels. Scattering that occurs 
w ithout change in the energy of the incident photon is known as 
Rayleigh scattering. In contrast scattering accompanied with changes 
in the energy of the photon is known as Raman scattering. Raman 
scattering occurs due to interaction with a light photon, with an energy 
distinctly lower than the difference between the ground and excited 
energy level.
Figure 7.1: a: Resonance fluorescence; b: Shows the Rayleigh (Ray)
scattering and the Raman Stokes scattering (Rst) and Raman antistokes 
(Rast).; 0 is the ground state and 1 is the first excited state, (V ) is the 
vibrational levels. The dashed lines are the v irtual energy levels of the 
molecule. Raman scattering and fluorescence phenomena are separated 
by a tim e period corresponding to the life  tim e of a molecule, that is, 
approxim ately lO 8 s for an excited state (Baranska, 1987).
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7.1.1.2 Theoretical basis of Raman Spectroscopy
When an atom w ith a spherical or symmetric electron cloud is placed 
between the plates of a charged condenser, the electrons are pulled tow ard 
the positive plate and the protons towards the negative plate. Under this 
condition the atom is said to be polarised, and has an induced dipole 
moment. Representing the vector of the electric force of the external field as 
E, and the induced dipole m om ent oriented parallel to the direction of E as p.
p= cxE
Where a  is the polarizability of the atom.
Assuming Cartesian coordinates to resolve the electric field, the above 
equation can be re-written as follows:
[ix = aEx
|_Ly OtEy
\xz ~ aEz
W hen a light of frequency v0 impinges on a molecule, the electronic system 
of die molecule develops an induced frequency. An induced dipole moment, 
which then vibrates w ith a frequency v0, that has an am plitude proportional 
to the polarizability of the molecule. As a consequence the molecule emits 
Rayleigh radiation, the frequency of which is v0.
The polarizability of the molecule depends on its shape, size and orientation 
and it can be viewed as the polarizability of ellipsoids. The polarizability of 
a molecule can be modified by the changes in the atomic nuclear vibrations 
which consequently alter the radiation emitted by the molecule. Hence, as a
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result of these processes, radiation from the molecule does not only contain 
(v0)/ exciting frequency, but also the sum  or the difference of the exciting and 
vibrational frequency (vs), that is:
V r = V o + V s &  V r =V o -V s
The frequency shifts v r + and v r - are called anti-Stokes and Stokes Raman 
lines ( or bands), respectively. The Stokes radiation has a higher frequency 
than the anti-Stokes. Generally the more intense Stokes lines are recorded 
(Fig. 7.2) (Baranska, 1987; Park, 1983).
Figure 7.2: M odulation of exciting radiation, frequency v0, by molecule 
vibrating w ith frequency vs . The frequency v0 and the side bands of 
frequency v0 +vs and v0-vs are shown. (Parker, 1983).
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An example of the types of vibrational modes of the triatomic CH2/ are 
shown in fig. 7.3.
C
H H
C
/  \
H  H
*  *
Symmetric Asymmetric 
Stretch Stretch
( Arrow defines direction of stretch)
/ C\ / \
H H
Scissoring Rocking
In-plane bending vibrations
C C/  \  /  \
H  H H H
+ + +
Twisting Wagging
O ut of plane bending
Figure 7.3: Vibrational modes of CH2 ( Parker, 1983; 
Arrondo & Gonni, 1993)
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7.2 Materials and methods
7.2.1 Fish supply and frozen storage
Lean demersal gadoid fish namely, cod (Gadus morhua) and haddock 
(Melanogrammus aeglefinus) were caught in the N orth sea, Aberdeen, 
Scotland and were treated according to the protocol described in chapter 
two, section 2.1.
7.2.2 Sample Preparation
Three pieces of (lg) cod and haddock fillets were mixed thoroughly at 4°C 
using a scalpel. Three portions (0.5 g) of the mixed sample were used for 
Raman spectroscopy analysis. Each sample was placed in a pyrex test tube 
and was sealed with a Nesco film to avoid dehydration. The sample tubes 
were transferred into a pre-cooled cooling unit (Ventacon Ltd, Beaconsfild, 
Buckinghamshire, UK) set at 2°C, placed in the sample chamber of Raman 
spectrometer.
7.2.3 Sample analysis
Raman spectra were acquired on a Perkin Elmer 2000 FT-Raman 
Spectrometer (Beaconsfeild, Buckinghamshire, UK) fitted with a laser 
generated power of 1923 mW, long-range KBr beam splitters and sample 
optics based on 180° back scattering lens system. For the purpose of this 
study 1923 mW was employed. The sample chamber has a dimension of 24 
X 24 X 35 cm. The system was calibrated using sulphur before every 
analysis. Gadus morhua (0.5 g) and Melanogrammus aeglefinus (0.5 g) muscle
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as described above was used for the study. The samples were m ounted 
on an x,y and z adjustable platform, alignment of the samples in the laser 
position was achieved by monitoring the Raman spectrum in real time and 
adjusting the sample position in the x, y and z directions. Each sample was 
scanned 64 times at 4 c m 1 resolution.
7.2.3. Spectral analysis
In Raman spectroscopy, the secondary structure of proteins is characterised 
by several bands, that is the amide I (1690-1630 cm-1), amide III (around 1275 
cm-1) bands. In addition to this, there are many bands which can be assigned 
to different amino acids present in the proteins (Howell et al., 1999). Amide I 
is particularly interesting since it most clearly reflects protein secondary 
structure. It is associated w ith die vibrations of peptide carbonyl groups 
(Elliot & Ambrose, 1950; Timasheff et al., 1967; Parker, 1983; Byler & Susi, 
1986). Hence in this study the change in the amide I components are 
analysed along side other peaks in are analysed cod and haddock spectra. 
Other region of the spectra analysed include, the dityrosine, tryptophan, CH 
stretch and CC stretch due to a-helix regions.
7.2.4. Data analysis
Raman spectra for cod and haddock fillets were analysed in the following 
m anner using Grams 32 software, Galactica (Salem, USA):
Water and deuterium  oxide spectra were subtracted from the original Raman 
spectra. Subsequently the spectra were base line corrected using a multi 
point base line correction protocol. The spectra were normalised using the 
Phenyalanine (Phe) band at 1006 cm4 . For secondary structure , a-helix, (3-
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 164
Chapter seven: Secondary structure changes in Gadus morhua and Melanogrammus aeglefinus
sheet and random  coil determination, the amide I region was then truncated 
and peak fitted.
The Secondary structure % was finally calculated.
% 2° structure = area of 2° Structure X 100 
Area of Amide I
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7.3 Results and discussion
The FT-Raman spectra obtained elucidate the secondary structure changes of 
fresh and frozen cod and haddock proteins. Figures 7.4 and 7.20 show FT- 
Raman spectra for both cod and haddock respectively. Some of the relevant 
major bands are assigned in tables 7.1 and 7.2. FT-Raman spectra provided 
some im portant information on ihe secondary structure of cod and haddock 
muscle as well as their amino acid residues. The following bands were 
determ ined quantitatively:
• Amide I region (1690-1630 cm-1) (Figs. 7.5, 7.6, 7.21 and 7.22)
• Aliphatic residues (1480-1420 cm-1) (Figs. 7.11, 7.12, 7.30 and 7.30)
• C-C stretching vibrations (967±3 cm"1~915±2 cm'1) (Figs., 7.7, 7.8 7.23 and
7.24).
® Tyrosine doublet band ( 850 cm"1 and 829 cm'1) (Figs. 7.9, 7.10, 7.24 and
7.25).
• Tryptophan band (750+3 cm-1) (Figs. 7.27 and 7.28)
The above bands were considered as they provided some relevant 
information regarding protein secondary structure alterations.
The amide I region is shown in figures 7.5 and 7.6 for cod and 7.21 and 7.22 
for haddock muscle respectively. The amide I band is the m ost prom inent 
band in the FT-Raman spectra, centred at 1655+3 cm4 (Table 7.1 and 7.2). 
This region of the spectra has been assigned categorically to the vibrational 
mode of the amide I region (Parker, 1983), which mainly involves the C = 0 
stretching band, and to a lesser extent, C-N stretching, Ca-C-N bending, and
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N-H in plane bending of peptide groups. Most of the Raman spectroscopic 
analysis of different proteins indicated to the correlation between the 
frequencies of the amide I band and the am ount of the types of protein 
backbone conformation (Alix, et al., 1988). This is due to the nature of the 
amide I band, which makes it sensitive to changes in hydrogen bonding 
arrangem ent involving the peptide linkage (Tu, 1982). Thus, overall the 
amide I band consisted of overlapped band components falling in the 
1658-1650, 1680-1665, and 1665-1660 cm-1 bands attributable to the a -helix, 
p-sheet and random  coil structures respectively (Parker, 1983). The amide I 
band indicated changes in the a-helix, p-sheet, turns and random  coil 
(unordered structure) for frozen cod and haddock muscle proteins. Figures 
7.13 and 7.31 depict % change of a-helix during frozen storage for cod and 
haddock at -10°C and -30°C respectively. In cod muscle the level of a-helix 
content decreased after five months of storage at ~10°C; however this trend 
did not persist in the subsequent samples that were stored up to thirteen 
months at ~10°C (Fig.7.13). Cod muscles stored at -30°C depicted a 
decreased level of a-helix. The level of a-helix for haddock samples stored at 
-10°C decreased consistently throughout the storage period, whereas 
samples stored at -30°C did not show pronounced changes after nine months 
of storage, however a more pronounced drop in a-helix content was noted 
after thirteen months of storage at -30°C.
Figures 7.14 and 7.32 show changes in p-sheet content for cod and haddock 
respectively. Both cod and haddock fillets stored at -10°C and -30°C 
indicated increasing p-sheet content w ith time. Cod muscle stored at -10°C 
depicted higher p-sheet content compared to fillets stored at -30°C.
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 167
Chapter seven: Secondary structure changes in Gadus morhua and Melanogrammus aeglefinus
In contrast the random  coil for cod decreased for samples stored at -10°C 
compared to -30°C (Figs. 7.16). The level of random  coil was higher in 
samples stored at -30°C than -10°C. Haddock samples showed higher beta- 
sheet content in samples stored at -10°C compared to haddock samples 
stored at -30°C (Fig. 7.33). Random coil content (%) initially dropped for the 
haddock fillets stored at -30°C, whereas the matching fillets at -10°C 
indicated higher level of random  coil after five months of storage. Overall 
the content of beta-turn increased for cod samples stored at -30°C for thirteen 
months, whereas matching fillets at -10°C decreased consistently w ith time 
(Fig. 7.15). Haddock fillets showed an increasing trend of beta-turn for both 
matching fillets stored at -10°C and -30°C (Fig.734). The level of beta-turn in 
haddock samples stored at -10°C w as higher than the matching samples 
stored at -30°C.
Figures 7.17 and 7.38 show the area under C-C skeletal stretching band of a- 
helix for cod and haddock muscle. The band at 940 cm-1 may correspond to 
conformational changes in the S-l and S-2 regions of myosin molecule, 
whereas the band at 902 cm4 mirrors changes in the myosin tail (Carew et al., 
1975; Carew et al., 1983; Ogawa, 1999). The amide modes of muscle are 
particularly im portant in the molecular conformational changes. The 
assignments of these regions are based on simpler molecules, such as 
peptides, poly-L-valines, polyglycine I, poly L-lysine and some other 
globular proteins.
In this study, the level of a-helix decreased consistently in both species. This 
was supported by the decrease in the intensity of the C-C stretch region 
(Figs. 7.7, 7.8, 7.23 and 7.24). The bar charts comparing this trend are 
depicted in figures 7.17 and 7.37. The level of a-helix was slightly higher in
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cod and haddock fillets stored at -30°C compared to samples stored at -10°C 
(Figs. 7.17 and 7.37).
The tyrosine doublet ratio (I 850 cm'1:1 829 cm"1) for cod and haddock (Figs. 7.18 
and 7.36). The tyrosine doublet which is due to the phenolic ring breath; 
primarily arising from the state of the phenolic hydroxyl group or the state 
of the hydrophobic group of the protein, that is whether the hydrophobic 
group is buried or exposed. Both of theses interpretations are related, since 
w hen tyr residue is exposed, its hydroxyl group can interact w ith the 
surrounding environment as a simultaneous acceptor or donor of moderate 
to weak hydrogen bonds, while a buried tyrosine tends to act as a hydrogen 
bond donor to carboxylate ion of Asp or Glu residues. W hen tyr is exposed 
the tyrosine doublet bands ratio tends to be more >1, whereas in the case of 
buried tyrosine the ratio is <1. Hence alterations in the intensity of the bands 
are related to the disruption of the hydrogen bonds of the tyrosyl residues 
(Siamwiza et al., 1975; Parker, 1983; Tu, 1986; Careche & Li-Chan, 1997 
Careche et al., 1999; Ogawa,1999). The tyrosine doublet ratio for cod and 
haddock muscles stored at -10°C and -30°C for a period of thirteen months 
showed a ratio of < 1  for m ost of the samples. However the parameter was 
not a satisfactory indicator of the state of hydrophobic group exposure, since 
it fluctuated through out the storage period (Figs. 7.18 and 7.36). This is 
possibly due to the tyrosine doublet bands being influenced by other factors 
in a whole muscle sample as opposed to a pure protein sample, upon which 
the above explanation is based.
Figures 7.19 and 7.38 show the tryptophan (Trp) band area for cod and 
haddock fillets respectively. The level of Trp decreased progressively for 
both cod and haddock, however the level of decrease for haddock was less 
than that for cod. Aliphatic residues (CH3, CH2, and CH at 1450 cm-1) for
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haddock muscle decreased at both -10°C and -30°C (Figs. 7.36) however in 
cod fillets the aliphatic residues did not change consistently.
Thus changes in the secondary structure content as well as some im portant 
hydrophobic residue were noted in both species during frozen storage. The 
decreased level of a-helix observed has also been reported for frozen hake 
fillets (Careche et al., 1998) and fish actomyosin (Ogwa et al., 1999) and in 
other heat denatured proteins (Howell and Li-Chan, 1996).
Denaturation of muscle proteins was accompanied by an
increase in p-sheet for both species, similar pattern was observed for hake 
tissues (Careche et al., 1998). It has been shown that frozen storage leads to 
protein denaturation and the formation of aggregates in fish samples (Tejada 
et ah, 1996; Badii and Howell, 2000). Spectroscopic analysis of apoprotein 
aggregates which were insoluble in water and SDS, indicated high p-sheet 
content (Carmona et ah 1988). The mechanism for the formation of p-sheet 
during protein denaturation is thought to be by folding of the polypeptide 
chains or by hydrogen bonding of adjacent polypeptide chains, between 
C =0 and N H  groups (Carmona et ah, 1988; Careche et ah, 1999).
The level of hydrophobic residues exposed to the outer surface of the protein 
is increased during the denaturation process as evidenced by the decreasing 
trend of the bands given rise by hydrophobic residues, such as tryptophan 
(Figs. 7.19 and 7.39). These results are consistent w ith the decreased 
hydrophobicity of frozen cod and haddock fillets (Badii and Howell, 2000).
A decrease in the area of the aliphatic residue band (1450 cm4) confirms the 
contribution of hydrophobic interactions to form protein aggregates. The 
involvement of hydrophobic interaction in the formation of aggregates has
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long been speculated by several workers including Ang and Hultin (1989) 
and has been confirmed by Badii and Howell (2000).
7.4 Conclusion
The advantage of FT-Raman analysis is that it permits the investigation of 
protein secondary structure alterations as well as other groups non- 
invasively compared to other techniques such as circular dichroisim. In 
addition solid samples can be used for Raman spectroscopy. This technique 
can be usefully applied for testing ways in which to delay or prevent protein 
aggregation due to frozen storage. Raman spectroscopy can be 
complemented with Solid state NMR analysis for a more focused analysis of 
protein structural and conformational changes.
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7.3.1 Gadus morhua
Frequency in Cm-1
Figure 7.4: FT-Raman spectrum for Gadus morhua obtained by exposing 
the sample to a laser power of 1923 mW at 4cm-1 resolution. Each sample 
was scanned sixty four times. All the samples were analysed in triplicate. 
The tem perature of the sample was kept between 1-2 °C during the 
scanning. The peaks are assigned in table 7.1.
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7.1. Tentative assignments of some Raman signals for Gadus morhua 
muscle
Wave Number 
region (cm-1)
Assignments
2992 (Sh)a CH stretch, Aliphatic
2932 (Sh)a CH stretch Aliphatic
2880 (Sh)a CH stretch, Aliphatic
1666 (vs) H20 , Amide I
1582 Trp, v-ring
1455 (vs) SasCH^SCH* 8CH
1427 (sh) Asp, Glu, Lys
1402 (w) vs coo- ( Asp, Glu)
1336 (m) 8 CH
1318 (m) 8 CH
1129 (w) vCN, vCC, (Protein back bone
1006 (m) C-C ring stretch (Phenylalanine)
936 (m) vCC (a-Helix)
908(s) vCC
817 (m) Tyr
a: Shoulder, vs: very strong; s:strong, m: medium; w: weak, v: Stretching; 
vs: Symmetric vibration; 5: Bending; 8as’. Assymetric Bending.
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Figure 7.5: Amide I region FT-Raman Spectra for cod muscle, 
|  Fresh cod; |  cod stored for 5 months at -10°C; |  c°d  
stored for 9 months at -10°C; § cod stored for 13 months at 
-10°C.
Wave Number cm*1
Figure 7.6: Amide I region (1620-1700cm*1) of FT-Raman spectra 
for cod muscle: |  fresh cod; |  cod muscle at-30°C for 5 
months; |  cod muscle stored at -30°C for 9 months; |  cod 
muscle stored at -30°C for 13 months .
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Wave number cm 1
Figure 7.7: C-C stretch region ( 920-980cm1) mainly due to ex- 
helix for the FT-Raman spectra of cod muscle: |  Fresh cod; | 
cod stored for 5 months at -10°C; |  cod stored at -10 °C for 
9 months; |  cod stored at -10°C for 13 months.
Wave number cm 1
Figure 7.8 : C-C stretch region ( 920-980cm1) mainly due to 
a-helix for the FT-Raman spectra of cod muscle: |  fresh cod 
muscle; J/L cod muscle stored at -30°C for 5 months; £  cod 
muscle stored at -30°C for 9 months; H  cod muscle stored at 
-30°C for 13 months.
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Wave Number cm 1 
FCod2 Figure 7.9: Tyrosine doublet bands for fresh and frozen cod 
muscle: fresh cod; |  cod stored at -10°C for 5 months; |
cod stored at -10°C for nine months; |  cod stored at -10°C for 
thirteen months.
Wave N um ber cm*1 
Figure 7.10: Tyrosine doublet bands for fresh and frozen 
cod muscle. |  fresh cod; |  cod stored at -30°C for five 
months; |  cod stored at -30°C for nine months; |  cod 
stored at -30°C for thirteen months.
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W ave N um ber cm*1
Figure 7.11: 5CH3, 5CH2 and , 5CH bending vibrations for 
fresh and frozen cod: Fresh cod; |  cod stored at -10°C for
five months; |  & ( (  cod stored at -10°C for nine months and 
H  cod stored at -10°C for thirteen months.
Wave N um ber cm 1
Figure 7.12: 5CH3, 5CH2 and , 5CH bending vibrations for fresh 
and frozen cod: |  Fresh cod; |  cod stored at -30°C for five 
months; |  cod stored at -30°C for nine months; |  cod stored at 
-30°C for thirteen months.
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FRESH 5M-10 5M-30 9M-10 9M-30 13M-10 13M-30
Sample
Figure 7.13: a-Helix content (%) for fresh and frozen cod at 
-10°C |  and -30°C |  for five, nine and thirteen months
FRESH 5M-10 5M-30 9M-10 9M-30 13M-10 13M-30
Sample
Figure 7.14: [5-Sheet content (%) for fresh and frozen cod at 
-10°C |  and -30°C |  for five, nine and thirteen months.
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Figure 7.15: p-turn content (%) for fresh and frozen cod at 
-10°C |  and -30°C |  for five, nine and thirteen months.
Figure 7.16: Random coil content (%) for fresh and frozen cod at 
-10°C |  and -30°C |  for five, nine and thirteen months.
(GM= Gadus morhua)
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Figure 7.17: Stretching vibration of C-C due to a-Helix for 
fresh and frozen cod at -10°C and -30°C |  for five, nine 
and thirteen months. (GM= Gadus morhua)
0.8
Ratio of 0.6
850/829 0.4
0.2 Miiiii
Fresh GM 5m-30 5n>10 9m-30 9m-10 13n>-30 13m-10
Sample period and Temperature
Figure 7.18: Tyrosine doublet ratio for fresh and frozen cod at 
-10°C |  and -30°C for five, nine and thirteen months. 
(GM=eadus morhua: M= months)
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Figure 7.19: Tryptophan peak area for fresh and frozen cod 
at -10°C |  and -30°C for five, nine and thirteen 
months. (GM=gadus morhua; M= months)
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7.3.2. Melanogrammus aeglefinus
Wave Number C m 1
Figure 7.20: FT-Raman spectrum for Melanogrammus aeglefinus obtained 
by exposing the sample to a laser power of 1923 mW at 4 cm 1 resolution. 
Each sample was scanned sixty four times. All the samples were 
analysed in triplicate. The temperature of the sample was kept between 
1-2 °C during the scanning.
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Table 7.1. M ajor FT-Raman band  assignm ents for Melanogrammus 
aeglefinus muscle.
Wave Number 
region (cm1)
Assignm ents
3065.5 (Sh)a CH stretch, Aliphatic
2931.4 (Sh)a CH stretch Aliphatic
2878 (Sh)a CH stretch, Aliphatic
1658.4(vs) H20 , Amide I
1618.7(Sh)a Aromatic residue
1554.3(w) Trp, v-ring
1450.3 (vs) 5aSCH3,,5CH2,8CH
1401.6 (w) vs coo- ( Asp, Glu)
1338.4 (m) 8 CH
1320.5 (m) 8 CH
1252.9 (w) Amide III (|3-sheet & Random Coil)
1126.6 (m) v CN, v CC (Protein back bone)
1046.5 (w)
1003.8(m) Phe C-C ring stretch (also at 1034,5)
950.2 (m) vCC (a-Helix)
853.2 Tyr v-ring
827.3 Tyr v-ring
760.4 Trp
644.7 Tyr
a: Shoulder, vs: very strong, s: strong, m: medium, w: weak, v: Stretching, 
vs: Symmetric vibration, 8: Bending, 8as: Asymmetric bending 
b: Possibly other aromatic amino acid residues
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Wave N um ber cm-1
Figure 7.21: Amide I region for haddock muscle. |  fresh
haddock; |  haddock stored at -10°C for five months; |
haddock stored at -10°C for nine months; |  haddock stored at 
-10°C for thirteen months.
W ave N um ber cm 1
Figure 7.22: Amide I region for haddock muscle. |  fresh
haddock; £  haddock stored at -30°C for five months; |  
haddock stored at -30°C for nine months; |  haddock 
stored at -30°C for thirteen months.
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Wave Number cm 1 
Figure 7.23: C-C stretching vibrations due to a-Helix for 
haddock muscle. |  fresh haddock; |  haddock stored at 
-10°C for five months; |  haddock stored at -10°C for 
nine months; |  haddock stored at -10°C for thirteen 
months.
Figure 7.24: C-C stretching vibrations due to a-helix for 
haddock muscle. |  fresh haddock; |  haddock stored at -  
30°C for five months; |  haddock stored at -30°C for nine 
months; ■  haddock stored at -30°C for thirteen months.
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Figure 7.25: Tyrosine doublet band for haddock muscle. |  
Fresh haddock; |  haddock stored at -10°C for five 
months; |  haddock stored at -10°C for nine months; |  
haddock stored at -10°C for thirteen months.
Figure 7.26: Tyrosine doublet band for haddock muscle.
|  fresh haddock; |  haddock stored at -30°C for five 
months; |  haddock stored at -30°C for nine months; |  
haddock stored at -30°C for thirteen months
The effect of freezing on the lipids and proteins of cod and haddock NA Mussa 186
Chapter seven: Secondary structure changes in Gadus morhua and Melanogrammus aeglefinus
Figure 7.27: Tryptophan band for haddock muscle. |
Fresh haddock; |  haddock stored at -10°C for five 
months; |  haddock stored at -10°C for nine months; |  
haddock stored at -10°C for thirteen months
Wave N um ber cm-1
Figure 7.28: Tryptophan band for haddock muscle: | |  fresh 
haddock; |  haddock stored at -30°C for five months; | 
haddock stored at -30°C for nine months; |  haddock stored at 
-30°C for thirteen months.
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Figure 7.29: 5CH3, 8CH2 and, 8CH bending vibrations for 
haddock: |  fresh haddock; |  haddock stored at -10°C for five 
months; |  haddock stored at -10°C for nine months; | 
haddock stored at -10°C for thirteen months.
Figure 7.30: 8CH3, 8CH2 and , 8CH bending Vibrations for 
haddock muscle: |  Fresh haddock; |  haddock stored at -30°C 
for five months; |  haddock stored at -30°C for nine months; | 
haddock stored at -30°C for thirteen months.
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Figure 7.31: Alpha-helix content (%) for fresh and frozen haddock 
at stored -10°C and -30°C |  for five, nine and thirteen months.
35
Fresh 5m-10 5m-30 9M-10 9m-30 13m-10 13m-30
Sample
Figure 7.32 : p-Sheet content (%) for fresh and frozen haddock at 
-10°C |  and -30°C |  for five, nine and thirteen months.
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Figure 7.33: Random coil content (%) for fresh and frozen haddock at 
-10°C |  and -30°C |  for five, nine and thirteen months.
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Fresh 5m-10 5m-30 9M-10 9m-30 13m-10 13m-30
Sample
Figure 7.34: p-turn content (%) for fresh and frozen haddock at 
-10°C |  and -30°C |  for five, nine and thirteen months.
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Figure 7.35: 5CH3, CH2, and CH stretch region change in fresh and 
frozen haddock at -10°C |  and -30°C ■  for five, nine and thirteen 
months.
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Fresh 5 m - 1 0  C 5 m - 3 0  C 9 - 1 0 ' C 9 - 3 0  C 13 M- 1 0  C 1 3 M - 3 0 . C
S a m p l e
Figure 7.36: Tyrosine doublet change for fresh and frozen haddock 
muscle stored at -10°C H  and -30°C |  for five, nine and thirteen 
months.
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Figure 7.37: C-C stretching vibration due to a-Helix for fresh and 
frozen haddock muscle stored at -10°C $ |  and -30°C |  for five, 
nine and thirteen months.
Figure 7.38: Changes in Tyrptophan band for fresh and frozen 
haddock muscle at -10°C |  and -30°C £  for five, nine and 
thirteen months.
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8. PROTEIN DENATURATION BY PUFA AND THEIR 
OXIDATION PRODUCTS: DIFFERENTIAL
SCANNING CALORIMETRY AND ELISA STUDY
8.1 Introduction
8.1.1 Protein-lipid interaction
The nature of protein-lipid interactions in biological systems has been of 
interest for several decades (Dyer, 1951; Robinson, 1966; Gulik-Krzywicki et 
al., 1969; Shenouda & Pigott, 1976; Takama, 1974; Leake et ah, 1985; Karel, 
1973; Swamy and Marsh, 1997; Saeed et al., 1999; Liu and Xiong, 2000). This 
is due to the fact that proteins and lipids co-exist in cell membranes, hence 
their relationship has been of great importance in various biological and 
medical research. Cod muscle contains approximately 1% lipid which is 
predominantly polyunsaturated fatty acids (PUFA). One of the causes of 
protein aggregation during frozen storage is their interaction with oxidised 
and native free PUFA (Shenouda, 1980; Saeed et ah, 1999). Changes in fish 
proteins are important since they determine the storage period of frozen sea 
food (Jiang and Lee, 1985). Dyer and co-workers (1951) proposed that lipids 
and their oxidation products are involved in the process of protein 
denaturation during frozen storage. Saeed et ah, (1999) demonstrated that 
free radical transfer from oxidised lipids and PUFA prompted protein 
aggregation, loss of amino acids and protein denaturation in model 
protein-lipid systems as studied by ESR spectroscopy. Lipoprotein 
complexes that form as a result of protein-lipid interaction ^ a d  been 
suggested to affect protein stability (Shenouda and Pigott, 1974, 1975). In 
this chapter the effect of PUFA and their oxidation products upon the
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conformation and structure of fish proteins were elucidated using DSC and 
ELISA.
8.1.1.2 D ifferential scanning calorimetric study of m yosin
Thermodynamic behaviour of myosin, myosin-PUFA, collagen, collagen- 
PUFA, water soluble sarcoplasmic protein (WSP) and WSP-PUFA were 
studied using differential scanning calorimetry (DSC). DSC facilitates the 
understanding of conformational changes in fish proteins during frozen 
storage in the presence and absence of lipids and their oxidation products. 
Recently Liu and Xiong (2000) reported a DSC analysis of rabbit myosin 
conformational changes due to exposure to oxidising agents.
8.1.2 ELISA study of protein-lip id  systems
Immunological techniques can be used to investigate the effect of lipids upon 
protein conformation. Polyclonal antibodies (Ab) raised against native pure 
myosin were used to assess the degree of denaturation of myosin in the 
presence and absence of PUFA under frozen condition. Lipid-protein 
interactions are anticipated to form complexes, which alter the native 
conformation of myosin. This in turn reduces the number of recognisable 
sites by the Ab epitope.
Enzyme linked immuno sorbent assay (ELISA) is a technique whereby the 
activity of an enzyme is measured to determine the concentration of the 
analyte. There are two types of ELISA, that is, homogeneous (separation 
free) and heterogeneous. In homogeneous assays the analyte under study 
affects the enzyme, hence separation is not required, whereas in
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heterogeneous immunoassay the analyte does not affect enzyme activity and 
separation is therefore required. Furthermore, heterogeneous immunoassay 
include competitive, sandwich and in-direct assays.
8.2 Materials and methods
8.2.1. Preparation of m yosin
Myosin was extracted according to the method described in chapter two, 
section 2.6.
8.2.2. Preparation of collagen
Collagen was extracted according to the method described in chapter two 
2.7.
8.2.3 Preparation of sarcoplasmic proteins (water soluble proteins)
WSP was extracted according to the method described in chapter two, 
section 2.8.
8.2.4 Protein determ ination
Protein concentration was determined according to the method of Bradford 
(1976) as described in chapter two, section 2.9.
8.2.5 SDS-PAGE electrophoresis
The SDS-PAGE method described in chapter two, section 2.10 was used.
8.2.6 Liposome and protein-lip id  system  preparation 
materials
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Eicosapentaenoic acid (EPA, 99.8% purity) and docosahexaenoic acid (DHA, 
99.8%) were purchased from Sigma, Poole, UK. Hexanal was purchased 
from Fluka, Dorset. UK
Method : Fish oil and fatty acids were treated in the following manner 
prior to their addition to proteins:
An aliquot of fish oil or fatty acid (100 mg) was dissolved in a buffer 
solution C (0.50M KC1, 5 mM p-ME, 20mM Tris-HCl buffer pH 7.5). The 
system was flushed with oxygen free nitrogen for 15 minutes to remove 
oxygen in the system and the dead volume of the container. The 
mixture was then vortexed vigorously for 3-4 minutes. This was 
followed with several cycles of freezing under liquid nitrogen and 
thawing at 37°C until a homogenous lipid-buffer system was achieved 
(Areas et al., 1998). The lipid emulsion was finally added to the 20-22 
m g/m l myosin, collagen or water soluble proteins (WSP) to form 1% 
and 10% of lipid-protein systems (v/w ). Sample aliquots of 0.8-1 g were 
transferred into ependorffs and stored at -10°C for the frozen storage 
studies.
8.2.7 Lipid oxidation
PUFA and fish oil extracted from fresh cod were oxidised at 47°C for up to 
ten hours using 95% oxygen. A PV of approximately 73.5 Meq/Kg was 
registered for DHA.
8.2.8 Sam ple preparation and  DSC analysis
Myosin samples previously stored at -10°C with and without oxidised 
lipid were thawed at 4°C.
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1 The pDSC sample and reference vessels were cleaned using distilled water 
and acetone three times and dried thoroughly.
2 O-rings for the lids of both vessels were replaced with each run. The O- 
rings ensure that the sample and reference vessels are sealed and are 
protected against any water evaporation during the thermal cycle.
3 Protein or protein-lipid system (0.7- 0.75 g) was weighed directly into the 
microDSC vessel. The same amount (± 1.0 mg) of buffer (solution C) was 
weighed into the reference vessel. The vessels were sealed with the lid 
after all traces of the sample or buffer was removed from the top-internal 
region of the vessel, so as to ensure that the lid screws in neatly.
4 The sample vessel was kept at 4 °C prior to DSC analysis.
5 Both vessels were flushed with acetone and dried with a clean dry tissue 
and immediately loaded into the appropriate chamber of the microDSC.
6 The samples were analysed using the same double thermal cycle at 0.2 °C 
per minute as shown below. The data collected in the red scanning region 
was saved for analysis.
Figure 8.1: A typical DSC scan cycle. Data corresponding to f l  
indicates saved data for analysis
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8.2.9. Enzyme Linked Im m unosorbent Assay (ELISA)
Competitive immunoassay
82.9.1 Principle
This assay required three components:
A Enzyme labelled antigen.
B Antibody specific for the antigen.
C Antigen for standard and test samples.
Enzyme labelled antigen is mixed with the sample /standard containing 
antigen which competes for a limited number of antibodies (Fig. 8.2).
The higher the amount of unlabelled antigen present, the lower the amount of 
the labelled antigen molecules that bind to the available binding sites on the
antibody. After separation of the unbound and antibody bound enzyme-
o'cKvri-y
labelled antigen, the enzyme fractioh in the bound fraction is measured 
(Hubbard and Gould, 1988, Voller et al., 1978).
Lim ited Antigen Labelled
Antibody from
Sample
Antigen
t
Sample antigen and 
labelled Standard
— ant i gen bound to the 
antibody.
Figure 8.2: Classical Enzyme immunoassay for antigen. Prior to determ ination of 
the antigen it is necessary to isolate the labelled antigen bound to antibody 
(Adapted from Blake and Gould, 1984).
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Non-competitive immunoenzymometric assay
This assay is also referred as the Sandwich, capture or two-site assay. The 
basis of these assays is the use of excess reagent thereby circumventing 
competition (Fig. 8.3). Solid phase bound reagent, either antibody or antigen 
is employed. This facilitates washing between steps.
I A n tige n  from
Sample
Solid phase antibody 
excess
Labelled
Antibody
Antigen bound to so lid  phase antibody
Labelled antibody 
attached to solid 
phase via antigen 
from  sample
Figure 8.3: Immunoenzymometric assay for antigen. Antigen 
is added to excess solid-phase antibody. After washing of the 
solid phase another antibody that recognizes the other site of 
the antigen is added. The labelled antibody which remains 
after washing is then measured. (Adapted from Blake and 
Gould, 1984).
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8.1.9.2 Materials
® 96 well plates (Nunclon, Denmark).
0.1M Carbonate buffer, pH 9.6.
• Sodium hydrogen carbonate, 5.88g (BDH, Poole, UK.)
• Sodium carbonate, 3.18g ( BDH, Poole, UK)
0.15 M Phosphate buffered saline (PBS), pH 7.4
• Sodium chloride, 8 g (BDH, Poole, UK)
• Potassium chloride, 0.2g (BDH, Poole, UK)
• Di-Sodium hydrogen orthophosphate, 2.9g (BDH, Poole, UK)
• Gelatine, l.Og (BDH, Poole, UK)
• Tween, 0.5ml (Sigma, Dorset, UK.)
Gelatine and Tween were added prior to use and were dissolved by heating 
and continuous stirring (PBSGT).
Citric Buffer:
• Di-Sodium hydrogen orthophosphate, 7.10g (BDH, Poole, UK)
• Citric acid, 5.22 g (BDH, Poole, UK)
• Tetramethylbenzydine (20 mg) dissolved in 20 ml of dimethylformamide 
(DMF).
Enzyme substrate (Prepared just before use)
• Citric buffer, 30ml.
• 30 %H20 2,15 pi.
• 3'-3'-5'-5' Tetramethylbenzidine, 20mg.
• Dimethylformamide (DMF), 20 ml.
Enzyme substrate was prepared by mixing 15 jliI of hydrogen peroxide with 
150jj1 of TMB in 30 ml of citric buffer.
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Secondary antibody preparation:
• Donkey anti-rabbit (A gift from Clifmar Associates Ltd).
• PBS.
Donkey anti-rabbit peroxidase (20pl) labelled was dissolved in 40 ml of PBS.
2.9.2.3 M ethod: To detect native myosin in fresh and frozen samples
1 Sample (myosin, myosin-EPA, myosin-DHA, myosin-ox-EPA, myosin-ox- 
DHA) were diluted down to 10jug/ml using bicarbonate buffer. The 
sample (200 pi) was applied in triplicate in the wells of micro-titre plate. 
Bicarbonate buffer was applied at the top end of the micro-titre plate.
2 The plates were laid on a wet tissue in sealed plastic containers to avoid 
dehydration and incubated at 37°C for one hour.
3 The plates were then washed three times with PBSGT buffer.
4 The donkey anti-rabbit peroxidase label diluted with PBSGT buffer was 
added (200 pi) to the appropriate wells.
5 The plates were incubated at 37°C for one hour as described earlier
6 The plates were washed three times with PBSGT buffer.
7 Enzyme substrate (150pl) was added to each well.
8 The plates were incubated at 37°C for thirty minutes.
9 HC1 (50 pi, 1M) was added to each well to stop the reaction.
10 The plates were finally read at 450 nm.
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 201
Chapter eight: Protein denaturation by PUFA and their oxidation products- A DSC study
Antigen (Myosin, Myosin-Lipid,etc) 
immobilised onto the microtitre plate 
wells)
Antigen bound to the Rabbit 
antiserum
1 Antigen
2 Rabbit antimyosin antibody
3 Anti-rabbit Donkey antiserum- 
peroxidase label
Figure 8.4: Myosin and myosin antibody binding diagram
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8.3 Results and D iscussion
8.3.1 Protein and protein-lip id  interaction by DSC and SDS-PAGE
8.3.1.1 Therm odynam ic behaviour of m yosin
Figure 8.7 shows the peak fitted thermogram of cod myosin. The first 
transition (maximum) is due to the hinge region of myosin, as shown by the 
proteolytic enzyme digestion of myosin (Burke et al., 1973). The cleavage of 
myosin was shown to occur within the helical region of myosin and the 
hinge region was found to be the most proteolytic digestion labile part of 
myosin as evidenced by the low onset (T0) and transition (Tm) temperatures,
23.01 °C and 24.46 °C respectively (Fig. 8.7). In addition, the enthalpy 
required to unfold this part of the myosin molecule is relatively small, that is 
0.0126 J/g.
Depending on the incubation period with the proteinases such as trypsin or 
other proteinases, more myosin subfragments can be excised, such as the SI 
subfragment (located in the myosin head, the globular portion of myosin) 
(Shnyrov et al., 1997). The SI subfragment can be noted in the myosin 
thermogram as a quasi independent two state transition. The second 
transitionmaximumis the second most prominent region of the molecule. It 
consists mainly of the a-helical structure, the LMM region of myosin (Burke 
et al., 1973; Potekhin et al., 1979; Bertazon and Tsong, 1990; Levitsky et al., 
1998; Somers, 1997). LMM has T0 and Tm of 27.81 °C and 29.59 °C 
respectively, and enthalpy change of 0.0675 J/g.
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The most prominent maximum has a T0 value of 38.08°C and Tm 41.99°C, 
0.1491 J/g, and was previously assigned to the HMM region of myosin 
(Pavlov et al., 1998). The other domain within the HMM region was assigned 
tentatively to S2 region of HMM (Somers, 1997).
Figure 8.5: Separation of myosin and myosin-lipid mixture by SDS- 
PAGE electrophoresis
1 STANDARD PROTEIN MARKER
2 MYOSIN
3 MYOSIN-EPA (1% ,w /w ): AFTER FROZEN STORAGE
4 CONTROL MYOSIN (FOR EPA)
5 MYOSIN-OXIDISED DHA (1%, w /w )
6 MYOSIN CONTROL
7 MYOSIN-DHA (1%, w /w )
8 MYOSIN-HEXANAL (10%,)
9 MYOSIN-OXIDISED DHA (10%)
10 MYOSIN-DHA (10%);
11 MYOSIN CONTROL.
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1 2 3 4  5 6 7  8
Figure 8 .6 : Separation of WSP and WSP-Lipid by SDS-PAGE 
electrophoresis:
1  WSP-MENHADEN OIL(10%) , 2 CONTROL WSP, 3 WSP-DHA
(1%), 4 WSP-OXIDISED WSP (1%), 5 WSP- FISH OIL (1%), 6 WSP- 
OXIDISED FISH OIL (1%), 7 WSP-MENHADEN OIL (10%), 8 WSP- 
8 STANDARD PROTEIN MARKER
Water soluble protein Band assignments:
A Phosphorylase B
B Phosphoglucomutase; C Pyruvate kinase and phosphoglucose 
isomerase; D Enolase;
E Actin and creatine kinase
F Phosphoglycerate mutase and triose phosphate isomerase 
G Myokinase 
H Myoglobin
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Figure 8.7: DSC thermogram of myosin, the two state transitions were fitted 
using gaussian peak fitting methodology, full width half height (FWHH) 
and the height of the transitions were manipulated to achieve the best 
possible fit.B hinge,® SI sub fragment,iLMM; I  S2 subfragment; B  
Second maxima for LMM; B  Not assigned; HMM.
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Figure 8.8: DSC
thermogram to show 
myosin and myosin-EPA 
(1 %, w/w) mixture stored 
for 24 hours at -10°C.
Figure 8.9: DSC thermogram 
to show myosin and myosin- 
EPA (1%, w/w) mixture
stored for 4 days at -10°C.
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Figure 8.10: DSC
thermogram to show 
myosin and myosin-EPA 
(1 %, w/w) mixture stored
for 8 days at -10°C.
Figure 8.11: DSC thermogram 
to show myosin and myosin- 
EPA (1%, w/w) mixture
stored for 15 days at -10°C.
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Figure 8.12: DSC thermogram for 
myosin and myosin-EPA (1%, 
w /w ) mixture stored for 33 days 
at -10°C.
Temperature °C
Figure 8.13 DSC thermogram 
for myosin and myosin-EPA 
(1%, w /w ) mixture stored for 
98 days at -10°C.
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Figure 8.14: Bar charts to show Tm shift for LMM region of
myosin and myosin-EPA system stored at -10°C for up to 98 
days.
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Figure 8.15: Bar charts to show AH shift for LMM region of 
myosin and myosin-EPA system stored at -10°C for up to 
98 days.
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 209
Chapter eight: Protein denaturation by PUFA and their oxidation products -A DSC study
42
41.5 
Tm °C 41
40.5 
40
0 1 4 9 15 33 63 98
Storage period at -10°C (days)
■ Myosin ■ M-EPA
Figure 8.16: Bar charts to show Tm shift for HMM region 
of myosin and myosin-EPA system stored at -10°C for up 
to 98 days.
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Figure 8.17: Bar charts to show AH shift for HMM region of 
myosin and myosin-EPA systems stored at -10°C for up to 98 
days.
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8.3.1.2 Myosin and myosin-lipid systems: SDS PAGE electrophoresis
Myosin has molecular weight of about 500KDa(Fig. 8.5). It is a long linear 
molecule made up of two heavy chains (HC) of molecular weight about 
200KDaeach and four light chains (LC) of 20KDamolecular weight each. The 
gel electrophoretic bands show the heavy (2OOKD4) and light (20KE$ chains of 
the molecule. Frozen myosin and the myosin-lipid mixture was aggregated 
and formed a gel like structure, hence the samples were treated with (3- 
mercaptoethanol (5%) in order to dissociate the disulphide linkages formed. 
Frozen myosin and myosin-EPA depicted the dissociated low molecular 
weight fragments (Fig 8.5, lanes 3 and 4). Similar low molecular fragments 
were also present in frozen myosin-DHA and myosin-oxidised DHA (lanes 5 
and 9).
8.3.1.3 Myosin, myosin-EPA, myosin-DHA and myosin-hexanal: DSC 
analysis
Thermograms for myosin and myosin-EPA mixtures scanned at various 
stages during frozen storage at -10°C are shown in figs, 8.8-8.13. The 
thermograms indicated the loss of the first transition (the hinge). This is due 
to the labile nature of the hinge region of myosin, which denatured as a 
result of storage at 4°C for 24 hours in the presence or absence of a lipid. 
Differences between the DSC thermograms of myosin and myosin-EPA 
mixture were visible only after one month of storage at -10°C (Fig. 8.12). 
Samples stored for fourteen weeks showed pronounced differences between 
myosin and the myosin-EPA mixture (Fig. 8.13).
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The transition temperature (Tm) for the light meromyosin (LMM) region of 
myosin, showed a gradual increase during frozen storage in the myosin-EPA 
systems compared with the control myosin. Freshly prepared samples 
however showed a slightly higher Tm value for control myosin compared to 
the myosin-EPA system. AH values increased gradually and doubled from 
0.065 J /g  for fresh myosin to 0.148 J /g  after 98 days of storage at -10°C (Fig. 
8.15). Similarly, the myosin-EPA system depicted slightly higher values of 
AH compared to myosin until 63 days of storage. However after 98 days of 
storage the AH value for the control myosin was higher than myosin-EPA 
mixture.
The Tm value for the HMM region of unfrozen fresh myosin was higher than 
the frozen samples (Fig. 8.16). Tm values for frozen myosin-EPA was slightly 
higher than the frozen myosin samples. However the Tm for frozen 
myosin-EPA mixture increased progressively with storage compared to the 
fresh myosin-EPA system (Fig. 8.16). Similarly, the value of AH was much 
higher for the HMM transition of the unfrozen myosin and myosin-EPA 
systems compared to the frozen samples. In addition the AH value of 
myosin-EPA mixture decreased after frozen storage compared with myosin 
samples (Fig. 8.17). The difference between the HMM AH value for control 
myosin and myosin-EPA system was the highest after 98 days of storage, 
that is 0.14 J /g  and 0.059 J/g  respectively, a difference of about 42 %.
Similar to the frozen myosin-EPA mixtures the myosin-DHA mixture did not 
show the transition for the hinge region of myosin. Figures, 8.18-8.20 show  
thermograms for myosin, myosin-DHA and myosin-oxidised DHA systems. 
Figure 8.18 shows the freshly prepared myosin thermogram with the hinge 
region of myosin (first transition) clearly present, whereas both myosin-DHA 
and myosin-oxidised DHA systems did not have the hinge transition.
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Similarly after twenty four and seventy days of storage at -10°C neither the 
control myosin nor the myosin-lipid system showed the hinge transition 
(Figs. 8.19 and 8.20).
Addition of low concentration of DHA: The transition temperatures for 
LMM and HMM decreased after frozen storage (Figs 8.21 and 8.23). 
Myosin-DHA (1%) and myosin-oxidised DHA (1%) samples depicted lower 
Tm values compared to the control myosin molecules. However after 24 days 
of frozen storage, the Tm value for the HMM region of myosin-DHA 
decreased at a slower rate than the control myosin. The AH value for LMM 
increased slightly after frozen storage, specially after 24 days of storage for 
myosin-DHA and myosin-oxidised DHA systems (Fig. 8.1.20). Similarly the 
AH value for the HMM region of myosin-DHA showed a prominent 
increase, whereas myosin-oxidised DHA and myosin-hexanal did not show 
a pronounced change (Fig. 8.24).
Addition of a higher concentration of DHA: The addition of 10% DHA,
oxidised DHA and hexanal (secondary oxidation product of PUFA) (Figs 
8.25-8.27) induced conformational changes in the myosin molecule. In 
particular, the Tm values for the LMM region of myosin-oxidised DHA and 
myosin-hexanal mixtures were higher than that of the control myosin (Fig. 
8.28). Myosin-hexanal system exhibited the highest Tm value for LMM 
region. The Tm value for HMM region did not show a pronounced change 
except for the myosin-oxidised DHA system (Fig. 8.30).
AH values for LMM and HMM increased progressively after frozen storage 
(Figs 8.29 and 8.31). The increase was particularly consistent for the LMM 
region of the control myosin, myosin-DHA and myosin-hexanal systems 
compared with the myosin-oxidised lipid system. AH values for the HMM
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region of all the samples increased substantially after four months frozen 
storage (Fig. 8.31).
8.3.1.4 Factors that influence the Tm and AH values of myosin
Freezing : Freezing of myosin and myosin-lipid systems facilitates the 
process of myosin denaturation. Although a lower temperature (-30°C) 
reduced the degree of deterioration of proteins and fatty acids, prolonged 
storage at relatively high temperature (-10°C) subsequently led to lipid 
oxidation and protein denaturation. As discussed earlier water molecules 
play an important role in keeping proteins in their native state. However, 
during the process of freezing and frozen storage the number of water 
molecules available for H-bonding with myosin are reduced, which stresses 
the myosin by increasing the solute molecules present in the protein micro­
environment (Fennema, 1976; Sotelo & Mackie, 1993). Hence this results in 
conformational changes in myosin. Myosin in its native state has an internal 
hydrophobic region with no water molecules and H-bonding. When the 
protein unfolds, previously buried hydrophobic groups are exposed to the 
surface and are adhered to by water molecules in an organised water barrier 
which mediate hydrophilic linkages between molecules (Lewin, 1974). 
Freezing leads to gradual dehydration of protein molecules, primarily by 
water molecules migrating away from their normal protein butressing 
position in the form of ice crystals, and secondly in the form of water vapour 
(Chapteij3, section 3.1). In addition to the exposed hydrophobic core, other 
hydrophilic groups are left unprotected due to freezing. All these factors 
lead to hydrophobic-hydrophobic and hydrophilic-hydrophilic interactions 
within the myosin molecule, or with myosin molecules in the vicinity, 
thereby causing deconformation and aggregation respectively (Shenouda,
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1980). Deconformation and reduced stability were evidenced by reduced Tm 
and AH for myosin after frozen storage. Some increases in Tm and AH for 
LMM of myosin and myosin-EPA mixture probably occurred due to 
polymerisation of myosin (Figs 8.14 & 8.15).
The effects of EPA,  DHA and their oxidation products on myosin: Freezing 
facilitates the interaction between lipid and proteins. As freezing gradually 
unfolds the myosin molecule, the hydrophobic groups are exposed; thus 
more and more PUFA are bound to myosin via hydrophobic interactions. 
From the PUFA aspect, the interaction is initiated by the transient free 
radicals which predominantly attack PUFA (Roubal & Tappel, 1966; Dillard 
& Tappel, 1989; Porter et al., 1995; Halliwell & Gutteridge, 1999). Free 
radicals from peroxidised PUFA may attack myosin mainly via the 
peroxidised PUFA, which abstract hydrogen from labile side chains such as 
SH groups to form protein radicals (Li & King, 1999; Saeed et ah, 1999). 
These myosin radicals then react with other myosin molecules or lipids to 
form aggregates and (Sikorski, 1976; Shenouda, 1980; Mackie,1993; Careche 
& Tejada, 1994) cross linked amino acids, such as dityrosine formation 
(Saeed et ah, 1999).
The above changes affect the overall thermodynamic properties of myosin. 
The presence of different secondary structure components in LMM and 
HMM, may have caused the difference in the Tm value obtained in the 
presence of EPA, which increased the Tm of LMM and reduced that of HMM. 
Although the value was highest after 98 days of storage, the shift in Tm was 
only from 29.4°C to 30.7°C. Some possible explanations for increased Tm 
value for the LMM region of myosin-EPA complex compared to the control 
myosin include the following :
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Firstly, the LMM region of myosin is predominantly a-helix and converted 
into p-sheet conformation (Ogawa, 1999; Careche & Li-Chan, 1997; chapter 
nine). The presence of EPA induced the conversion of a slightly higher level 
of p-sheet conformation relative to the control myosin, p-sheet naturally 
exists as a polymeric structure, that is several p-sheets are inter-linked and 
stabilised together via hydrogen bonding, which causes myosin to aggregate 
when the a-helix conformation starts to assume p-sheet conformation 
(Marsh, 1993; Marsh, 1997). Aggregation occupies more space than the 
native form of myosin. Depending on the degree of aggregation, the 
hydrophobic regions available for EPA binding may be reduced. In addition 
the aggregated form of myosin may restrict the lipids by trapping them 
between the polymer sheets that are formed (Marsh, 1993). Therefore, 
increased polymerisation of the LMM via H-bonding may have increased 
the value of Tm and AH, since the energy required to break H-bonding is 
higher than that of hydrophobic bonding (Lewin, 1994)
The second possible reason is that, when a protein folds, some hydrophobic 
groups stretch out into the hydrophilic region; as evidenced by the 
conformational frustration model of protein folding, where it was shown 
that some hydrophobic amino acids were forced by other hydrophobic 
groups to stay on the surface of the protein (Wolynes, 1998; Jaenicke & 
Seckler, 1997). These groups may form hydrophobic interactions with EPA; 
which in effect stabilises the LMM region prior to p-sheet formation, and 
increases Tm and AH values.
Both of the above explanations may also apply to myosin-DHA (10%) 
mixtures.
A decrease in the Tm and AH values as shown for most of the protein-lipid 
systems may be attributed to protein unfolding. Protein unfolding in frozen 
myosin sample is accompanied by a degree of dehydration of the protein 
shell. The stripping off of the hydration shell reduced the stabilising H-
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bonds from myosin thereby rendering the macromolecule vulnerable to 
PUFA attack and denaturation (Khlemnitsey, 1991). Displacement of the 
hydration shell facilitates the binding of the fatty acid head groups with 
myosin. As a result both hydrophobic and electrostatic interactions take 
place. Removal of water enhances hydrophobic interactions by allowing 
intimate contact of the hydrophobic groups of the proteins and the PUFA 
acyl chains; thereby reducing the necessity for the surface hydration of the 
molecule (Sankaram & Marsh, 1993). Other factors are the pH and ionic 
strength dependence of myosin. The addition of PUFA may reduce the pH 
of the medium and that may have contributed towards the denaturation of 
the protein. As a result, the partially unfolded protein structure gave rise to 
even lower Tm and AH values in the presence of PUFA relative, to the fresh 
and control myosin.
It should be noted that since lipid-protein interaction is a very complex 
phenomenon. Several forms of interactions take place simultaneously and 
there is no set sequence that guarantees the same number or type of 
interactions to take place in similar type of protein-lipid system (Personal 
communication: Prof R. Biltonen). Therefore precise interpretation of the 
data may not be possible.
Tm and AH provided direct information regarding the overall conformational 
change of myosin without interfering with protein-lipid systems, that is with 
out using any labelling probes. Perturbation to the native structure of 
myosin was evidenced by shifts in these two thermodynamic parameters. 
Native myosin subfragments namely, the hinge, LMM and HMM underwent 
conformational changes due to cold (4°C) and frozen storage. 
Conformational changes of myosin are described as setting by several 
workers, as freezing induces gel formation of the molecule (Chan and 
Paulson, 1992; Niwa et al., 1980). Changes in myosin are believed to be
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related to the sulfhydryl group of the molecule, specially those SH groups 
positioned in the light chain around the head region of myosin. In the model 
system myosin was exposed to the high ionic strength solution and the fatty 
acids. As a result the macromolecule underwent rapid reversible monomer- 
dimer equilibrium (Godfry & Harrington, 1970; Shenouda, 1980). After a 
prolonged storage period, the myosin molecule dissociated into smaller 
subunits, a heavy core and light components (Shenouda, 1980). Eventually 
prolonged exposure to salt and the fatty acids led to the aggregation of the 
light chains of myosin. The heavy chains are the first sections of myosin to 
form insoluble complexes.
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Figure 8.18: Thermograms for: B freshly prepared myosin, 
B myosin-DHA (1%), B myosin- oxidised DHA (1%).
Figure 8.19: Thermograms for B myosin, B myosin-DHA (1%), B 
myosin- oxidised DHA (1%) stored at -10°C for 24 days.
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Figure 8.20: Thermograms for I  myosin, H myosin-DHA (1%), 
■  myosin- oxidised DHA (1%) stored at -10°C for 70 days.
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Figure 8.21: Transition temperature Tm for LMM region ofB  myosin, 
B myosin-DHA (1%),B myosin-oxidised DHA (1%).
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Figure 8.22: Enthalpy change for LMM region ofB  myosin, B myosin- 
DHA (1%), B  myosin-oxidised DHA (1%).
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 221
Chapter eight: Protein denaturation by PUFA and their oxidation products: A DSC study
Transition 
temperature 38 
[Tm] y j
36
HMM or
0 0 24 24 24 70
Storage period at -10°C (Days)
70 70
Figure 8.23:Transition temperature (Tm) for HMM region of myosin 
B, myosin-DHA (1%) B, myosin-oxidised DHA (1%) B.
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Figure 8.24: Enthalpy change for HMM region of myosin B, myosin- 
DHA (1%) B, myosin-oxidised DHA (1%) B.
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Figure 8.25: Thermograms for: M myosin-DHA (10%), 
Bmyosin, H myosin-Hexanal (10%) stored at -10°C for 7 
days.
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Figure 8.26: Thermograms for H fresh myosin, H myosin- 
DHA (10%), B  myosin-oxidised DHA (10%), B  myosin- 
Hexanal (10%) Stored at -10°C for 36 days.
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Figure 8.27: Thermograms for f l fresh myosin, I  myosin-
DHA (10%), B  myosin-oxidised DHA (10%), B  myosin- 
Hexanal (10%) Stored at -10°C for 4 months.
The effect of frozen storage on the lipods and proteins of cod and haddock NA Mussa 224
Chapter eight: Protein denaturation by PUFA and their oxidation products: A DSC study
7 7 36 36 36 36 120 120 120 120
Storage period at -10°C (days)
Figure 8.28: Transition temperature for the LMM region of 
Bmyosin, B myosin-DHA (10%),B myosin-oxidised DHA 
(10%), Bmyosin-Hexanal (10%).
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Figure 8.29: AH for the LMM region of B myosin, B 
myosin-DHA (10%), I  myosin-oxidised DHA (10%), 
Bmyosin-Hexanal (10%).
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Figure 8.30: Transition temperature for HMM region of 
•m yosin , I  myosin-DHA (10%),■  myosin-oxidised DHA 
(10%), •m yosin-Hexanal (10%).
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Figure 8.31: Enthalpy change (AH) for HMM region of 
•  myosin, ■  myosin-DHA (10%),•  myosin-oxidised DHA 
(10%), •m yosin-Hexanal (10%).
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8.3.2 Collagen and collagen lip id  systems
Collagen has a single two state transition (Fig. 8.32). A collagen molecule 
contracts when heated under the controlled environment in the DSC. The 
contraction leads to a size shrinkage of collagen to one third of its original 
size. This contraction or denaturation of collagen molecule occurs . a
specific transition temperature (Tm) or shrinkage temperature (Ts), which 
was 29.15 °C. Thermodynamic parameters, that is Ts (Fig 8.33) and AH (Fig. 
8.34) of collagen shifted in the presence of fatty acids and fish oils relative to 
the control collagen.
The Tm value (29.15°C) for the collagen molecule was higher than for 
collagen-fish oil (1%) (28.36 °C) and collagen-EPA (1%) (27.98 °C); whereas 
the Tm value for collagen-DHA (1%) (30.31 °C) and collagen-fish oil (10%) 
(32.98 °C) were higher than the values for control collagen (Fig. 8.33).
The AH value also changed for collagen-lipid systems (Fig. 8.34), that is 
collagen-fish oil (1%) (1.72 J/ g), collagen-DHA (1.002 J/g) and collagen-EPA 
(1%) (1.68 J/g) were higher than for the control neat collagen (0.87 J/g), 
which in turn was higher than collagen-fish oil (10%) (0.466 J/g).
Changes in the Tm and AH indicated certain information regarding the 
conformational shift of collagen due to freezing and addition of lipids. The 
Tm increase is related to a higher degree of stability of collagen, which in turn 
is partly dependent on the cross-linking of the collagen molecule (Finch and 
Ledward et al., 1972; Hellauer & Winkler, 1975). Increased Tm may not 
necessarily mean conserved triple helix conformation; however it may also 
mean hydrogen and hydrophobic bonded random coil structure. The
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presence of 10% fish oil and co-3 PUFA with six unsaturated double bonds 
may have unfolded the protein and rearranged the hydration shield of the 
macromolecule, thereby shifting the Tm value of collagen relative to the 
control collagen. EPA and 1% fish oil also affected Tm value negatively, 
which means that they did not rearrange the hydration molecules, instead 
the collagen hydration shell was ruptured and led to reduced Tm values. 
Hydrophobic bonds in collagen are important in the stabilisation of collagen; 
once dismantled from their original environments, they must be occupied 
with alternative sites to form hydrophobic bonding, in this case with lipids.
The AH shift of collagen is due to changes in the denaturation heat 
absorption (Fig. 8.34). The collagen molecule is stabilised by intramolecular 
hydrogen bonding, there are two hydrogen bonds between three residues of 
the helix (Rich and Crick, 1961; Kadler, 1994). These hydrogen bonds occur 
between N-H of the glycyl residue and the 0 = 0  group of the second position 
of the triplet in the adjacent chain. The second hydrogen bond forms via 
water molecules participating in the formation of hydrogen bonding which 
stabilise the triple helix structure. Water molecules form H-bonds with 
hydroxyl group of the third position hydroxyproline components in the 
triplet (Gly-X-Y; where X is Pro and Y is Hyp) arrangement of collagen. It 
was shown that hydroxyproline is the main component that contributes 
significantly towards the thermal stability of collagen, this is achieved via the 
water bridge (Lim, 1976; Bujanadze, 1979; Bujanadze, 1992). Freezing of 
collagen and collagen lipid system contributed towards the dehydration of 
the collagen molecule. This in turn reduced the number of possible 
hydrogen bonds in the macromolecule. The presence of fatty acids and fish 
oil provided alternative interactions between the altered collagen 
conformation and the fatty acids. These interactions are possibly 
hydrophobic and electrostatic. The presence of hydrophobic interaction was 
evidenced by decreased AH value in collagen-fish oil mixture (Fig. 8.34),
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which indicated that the lipid system might have penetrated into 
hydrophobic core of collagen and interacted with hydrophobic residues of 
collagen (Jones, 1988). AH value of collagen is therefore affected by the 
number of hydrogen bonds that has been displaced from its position in the 
native collagen molecule by the addition of EPA, DHA and fish oil. Another 
possible explanation for the decrease in AH of collagen-fish oil (10%) system 
is the interaction between the imino acid residues of collagen with fish oil 
components, such as fatty acids and phospholipids. An increase in AH value 
for collagen-fish oil (1%), collagen-EPA and collagen-DHA system is 
probably due to the possible electrostatic interaction between the proteins 
and lipids. This interaction was made possible due to the unfolding 
(deconformation) of the collagen molecule, however more energy was 
required to breakdown the electrostatic interaction and H-bonding in the 
protein-EPA and protein-fish oil (1%) systems. Therefore EPA and 1% fish oil 
induced minimal structural perturbation of collagen. This was also 
supported by a reduced Tm value which indicated surface binding of lipid- 
protein and partial penetration of the collagen into the lipid.
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Figure 8.32: Thermogram to show the transition for neat collagen
Figure 8.33: Transition temperature shift 
in collagen and collagen-lipid system 
frozen for two months at -10°C: :■ 
collagen; ■  collagen-fish oil (1%); ■  
collagen-DHA (1%); collagen-EPA 
(!%);■ collagen-FO (10%).
Figure 8.34: Enthalpy change in 
collagen and collagen-lipid system 
frozen for two months at -10°C:B 
collagen; ■  collagen-fish oil (1%); ■  
collagen-DHA (1%); collagen-EPA 
(1%); ■  collagen-FO (10%).
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8.3.3. Water soluble proteins and W SP-lipid systems
8.3.3.1 SDS-PAGE and  DSC analysis of WSP and W SP-lipid systems
SDS-PAGE pattern for WSP and WSP-lipid mixtured was shown in figure 
8.6. The different bands were assigned on the basis of the electrophoretic 
patterns published by McCromick et al, (1988) and Ragnarsson and 
Regenstein (1989). The electrophoretic patterns did not show any distinctive 
characteristic in the bands of WSP and WSP-lipid systems (Fig. 8.6).
DSC thermograms for WSP presented a multi-state thermal transition 
process, (Fig. 8.35). Freshly extracted WSP supposedly contains most of the 
proteins in their native state, hence a multi-transition thermogram was 
obtained. DSC thermogram transitions were not assigned, however their 
stability profile due to frozen storage, in the presence and absence, of lipids 
was studied. Fig. 8.36 shows a WSP thermogram after frozen storage at 
-10°C for six weeks. Freezing caused certain changes in the thermodynamic 
behaviour of WSP. A remarkable change occurred in the shape of the second 
transition (Fig. 8.35), which is labelled as the III transition in figure 8.36. This 
is an exothermic transition, the Tm value has shifted (Fig. 8.39). Another 
significant change included the appearance of a full endothermic transition 
(second transition), (Fig. 8.36). Endothermic behaviour after the first 
transition was not completed; that is the transition did not depict an ending 
point upon complete denaturation of the protein responsible for that 
transition. Instead it was followed by an exothermic transition which was 
prominent. Hence the Tm and AH of the exothermic transition were
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calculated throughout this study, since the appearance of the second 
endothermic peak after frozen storage did not occur in all the WSP and WSP- 
lipid samples. The results of the protein-lipid interaction are shown in 
figures 8.37-8.42. All the samples investigated were frozen stored at -10°C 
for six weeks.
Fig. 8.37 and 8.38 showed Tm and AH changes in the first transition. Tm and 
AH decreased consistently in all protein-lipid systems, this is possibly due to 
lipids binding the surface of WSP followed by the penetration of the lipid 
components into the protein surface and unfolding the protein. Hence at 
high protein-lipid ratio (10%), the Tm and AH values are the lowest. The 
possible interactions for these systems are electrostatic and hydrophobic, 
dependent upon the negative charge of the lipid and positively charged 
amino acids and lipid acyl chains and hydrophobic amino acids (Jones, 1988; 
Sankaram & Marsh, 1993).
Figures 8.39 and 8.40 show Tm and AH for the second transition, which is 
exothermic, that is energy is released in the process of thermal unfolding of 
the protein. Tm increased dramatically in the WSP-lipid system relative to 
the control sample. AH value of the WSP-FO, WSP-DHA, WSP-oxidised 
DHA system was greater than that of the control WSP. This part of WSP 
might have been stabilised upon thermal treatment due to the addition of the 
lipids, higher AH magnitude indicated that the presence of electrostatic 
interaction in the system. The exothermic behaviour may indicate possible 
aggregation of the protein responsible for this transition.
Figures 8.41 and 8.42 show the Tm and AH shift for third transition 
respectively. Tm value for the WSP-FO and WSP-OX-FO decreased 
compared to the control samples, whereas WSP-DHA and WSP-OX-DHA 
showed higher Tm values. AH increased for the WSP-FO and WSP-OX-FO
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systems and decreased for WSP-DHA and WSP-OX-DHA system. An 
increase in Tm suggests conformational stability upon thermal treatment, 
whereas decreased Tm may be due to denaturation of the protein. Increased 
AH value was due to electrostatic interaction between protein-lipid systems, 
whereas decrease in AH is indicative of hydrophobic interactions, which take 
place when the protein unfolds. Hence in this case fish oil preserved this 
part of WSP from unfolding.
Lipids have a varied effect upon the stability of WSP proteins, some WSP 
proteins were stabilised whereas others were not; hence the effect was not 
singular.
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Temperature °C
Figure 8.35.: Thermogram for water soluble sarcoplasmic proteins 
extracted from fresh cod muscle
Figure 8.36: Thermogram for cod water soluble protein (WSP) 
after storage at -10°C for six weeks.
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 234
Chapter eight: Protein denaturation by PUFA and their oxidation products-A DSC study
Figure 8.37: First transition Tm shift 
for frozen WSP-lipid system: 
■Control WSP; BWSP-fish oil (1%); 
■  WSP-oxidised fish oil (1 %), WSP- 
DHA (1%); ■  WSP-oxidised DHA 
(1%,), ■WSP-FO (10%)
Figure 8.38:First transition enthalpy 
change for frozen WSP-lipid systems: 
■Control WSP; BWSP-fish oil (1%); 
■WSP-oxidised fish oil (1%), WSP- 
DHA (1%); ■  WSP-oxidised DHA 
(1%,), ■  WSP-FO (10%)
Tm°C 60
1 2 3 4 5
Sample
Figure 8.39: Second Transition Tm 
Shift for frozen WSP-lipid system 
■Control WSP; ■  WSP-fish oil (1%); 
■  WSP-oxidised fish oil (FO) (1%), 
WSP-DHA (1%); ■  WSP-oxidised 
DHA (1%,), ■  WSP-FO (10%)
Figure 8.40: Second Transition
enthalpy change for frozen WSP- 
lipid system. ■  Control WSP; BWSP- 
fish od (FO) (1%); ■  WSP-oxidised 
fish oh (1%), WSP-DHA (1%); ■  
WSP-oxidised DHA (1%,), ■WSP-FO 
(10%)
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Figure 8.41: Third Transition Tm Shift 
for frozen WSP-lipid system: BControl 
WSP; BWSP-fish oil (FO) (1%); 
■  WSP-oxidised fish oil (1%), WSP- 
DHA (1%); ■  WSP-oxidised DHA 
(1%,), ■  WSP-FO (10%)
Figure 8.42: Second Transition
enthalpy change for frozen WSP-lipid 
system. B  Control WSP; BwSP-fish  
oil (1%); B  WSP-oxidised fish oil 
(1%), WSP-DHA (1%); B  WSP- 
oxidised DHA (1%,), B WSP-FO 
(10%)
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8.3.4 M yosin denaturation by PUFA: ELISA study
The anti-myosin antibody had a very high binding capacity towards fresh 
myosin and fresh myosin-lipid systems (Fig. 8.43). The im mune affinity of 
the antibody decreased slightly after one day of storage at 4°C (Figs 8.44,
8.45 and 8.46). The addition of 10% EPA to myosin showed lower immune 
affinity compared to myosin treated w ith either 10% fish oil or 10% DHA 
(Fig. 8.44). After 24 hours of storage at 4°C, myosin-DHA and myosin-fish 
oil systems did not show much change relative to the control myosin (Figs.
8.45 and 8.46). After one m onth of storage at -10°C, the binding of the 
antibody towards myosin-EPA, myosin-DHA and myosin-fish oil mixtures 
decreased dramatically (Figs 8.47, 8.48 and 8.49). This is due to the 
denaturation of myosin by freezing and the addition of lipids. The change in 
myosin conformation hid or altered the peptides, which are normally 
recognised by the antibody paratope. Immune affinity was greatly reduced 
when a higher concentration of lipid was used that is, 10% EPA, DHA and 
fish oil which contributed towards the conformation alteration of myosin. 
Freezing altered the tertiary structure of the myosin and not the primary 
structure, hence Ab recognition could persist despite the fact that myosin 
molecule m ight have aggregated. Control myosin was treated as having 
100% affinity towards the antibody in all the experiments, so as to compare 
the effect of the different PUFA and fish oil. As discussed earlier, fatty acids 
initially bind the surface of the myosin molecule electrostatically, thereby 
acting as a shield against the antibody. Thus low affinity shows that the 
num ber of epitope sites in the myosin molecule were reduced by the lipids in 
the system. The effect of the oxidised form of the PUFA and fish oil was 
generally more pronounced as in most of the samples the im m une affinity in
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affinity in the myosin-oxidised lipid complex was lower than the myosin- 
lipid complex. This is possibly due to the oxidative damage caused to 
myosin via the higher level of lipid oxidation products present (Saeed et al., 
1999; Liu & Xiong, 2000). After prolonged storage myosin aggregated and 
the possible binding sites for the antibody were grossly reduced. 
Aggregated forms of myosin did not dissolve easily in bicarbonate buffer, 
and were therefore not analysed using this technique. ELISA showed that 
even after one month of storage the denaturing effect of PUFA and fish oil on 
the protein surface can be detected.
8.4 Concluding remarks
The results indicated that the conformation of myosin, collagen and water 
soluble proteins were altered in the presence of PUFA and their oxidation 
products during frozen storage. It cannot be deduced conclusively that EPA 
or DHA have one type of effect on the protein; however conformational 
changes are induced by PUFA forming a complex w ith the protein. The use 
of antioxidants and cryoprotectants may increase the stability of fish muscle 
proteins.
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Figure 8.43: Protein-lipid mixture as analysed using an
anti-myosin antibody (Ab) raised against freshly extracted 
myosin. Reactivity at zero day: (1) myosin, (2) myosin-EPA 
(1%), (3) myosin-oxidised EPA (1%), (4) myosin-EPA (10%), (5) 
myosin-oxidised EPA (10%), (6) myosin-DHA (1%), (7) myosin- 
oxidised DHA (1%), (8) myosin-DHA (10%), (9) myosin-oxidised 
DHA (10%).
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Figure 8.44: Myosin antibody reactivity towards myosin and 
myosin-EPA mixture after 24 hours of storage at 4°C.
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Figure 8.45: Myosin antibody reactivity towards myosin and 
myosin-DHA system after 24 hours of storage at 4°C.
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Figure 8.46: Native myosin antibody reactivity towards myosin 
and myosin-Fish oil system after 24 hours of storage at 4°C.
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Figure 8.47: Native myosin antibody reactivity towards myosin 
and myosin-EPA system after one month of storage at -10°C.
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Figure 8.48: Native myosin antibody reactivity towards myosin and 
myosin-DHA system after one month of storage at -10°C.
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Figure 8.49: Native myosin antibody reactivity towards myosin and 
myosin-Fish oil system after one month of storage at -10°C.
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Chapter nine: Myosin secondary structure changes: FT-Raman spectroscopy study
9 MYOSIN SECONDARY STRUCTURE 
CHANGES BY PUFA AND THEIR OXIDATION  
PRODUCTS: FT-RAMAN SPECTROSCOPY STUDY
9.1 Background
Protein-lipid interactions in fish muscle are highly relevant in the food 
industry. These interactions have been suggested in the ageing mechanism 
of fish fillets and in subsequent treatm ent of the fillets, in which changes in 
the membrane lipoproteins affect the membrane selectivity to ions and 
thereby various biochemical processes. In frozen fish muscle systems, lipid 
peroxidation leads to various interactions w ith muscle proteins, especially 
myosin. Fish fillets lose their quality and tenderness after frozen storage due 
to dehydration; this leads to protein-protein interactions and protein-lipid 
interaction causing decreased protein solubility (Dyer and Fraser, 1959). 
According to Dyer and Fraser (1959) protein aggregation occurs w hen the 
phospholipids associated w ith proteins are hydrolysed thereby releasing 
fatty acids which eventually form insoluble protein-fatty acid complexes. 
This hypothesis is supported by various studies:
• Free fatty acid content increases in frozen fish fillets, this correlates w ith 
loss of protein solubility (Chapter five; Badii and Howell, 2000).
• Isolated muscle proteins are partially insolubilized w hen they react w ith 
linoleic and linolenic acid (Anderson and Steinberg, 1964; Shenouda,
1980).
• Free fatty acids interact w ith proteins and cause denaturation (Bull and 
Breese, 1967; Pokorny, 1977; Mackie, 1993).
The present study was aimed at investigating alterations in the secondary 
structure of frozen fish myosin in the presence and absence of 
polyunsaturated fatty acids (PUFA), oxidised PUFA and hexanal. FT-Raman
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spectroscopy was employed as it is particularly suited for the analysis of 
concentrated protein samples (20 m g/m l).
The myosin molecule has been studied by Raman spectroscopy for the past 
twenty five years (Carew et al,1975; Barret et al, 1978; Carew et al.,1983; 
Careche and Li-Chan, 1997; Ogawa et al., 1999). However, fish myosin 
secondary structure has not been studied extensively. The current study 
focussed on the secondary structure of myosin extracted from fresh cod 
muscle. The aim w as to determine the conformational changes when the 
protein was frozen in the presence and absence of fatty acids, oxidised fatty 
acids and aldehyde.
Myosin contains two a-helical heavy chains (200KD each) w ound around 
each other to form a long coil. The m arked a-helical presence in the myosin 
molecule is indicated by the strong signal at 947.8 c m 1, which has been 
observed in other proteins (Careche and Li-Chan, 1997). This heavy chain 
ends in a globular head portion, which comprises mainly p-sheet 
conformation in addition to p-turns and less unspecified structure (Carew et 
al, 1975). The Amide I region (centred at 1660 cm4) features very useful 
secondary structure content for myosin molecule and many other proteins 
including lysozyme (Howell and Li-Chan,1996); snake venom cardiotoxins 
(Sureweiz et al., 1988); casein (Byler et al, 1988); prion protein peptides 
(Nguyen et al., 1995) and superoxide dismutase (Lo and Rahman, 1995).
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9.2 Materials and methods
9.2.1 Preparation of m yosin
Myosin was extracted according to the method described in chapter two, 
section 2.6.
9.2.2 Protein determ ination
Protein concentration was determ ined according to the m ethod of Bradford 
(1976) which is described in chapter two, section 2.9.
9.2.3 Liposome and  protein-lip id  system  preparation
The m ethod described in chapter eight, section 8.2.6 was used.
9.2.4 Raman spectroscopy
9.2.4.1 Sample preparation
The myosin and myosin-lipid samples stored at -10°C freezer were allowed 
to thaw completely at 4°C. The samples were centrifuged at 12,000 x g for 15 
minutes. After decanting the supernatant, excess buffer w as removed by 
dipping a piece of filter paper for 10-20 seconds into the sample. The sample 
was then analysed by FT-Raman spectroscopy as described below.
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9.2A.2 Sample analysis
All the Raman spectra were acquired on a Perkin Elmer 2000 FT-Raman 
Spectrometer (Beaconsfeild, Buckinghamshire, UK) fitted with a laser 
generated power of 1923 mW, long-range KBr beam splitters, and sample 
optics based on 180° back scattering lens system. For the purpose of this 
study 1923 mW was employed. The system was calibrated using Sulfur 
before every analysis. 500-700 m g of myosin or myosin-lipid samples (20-22 
m g/m l) in a glass pyrex container were used. The sample chamber was 
equipped w ith a cooling unit. The samples were m ounted on x, y and z 
adjustable platform, alignment of the samples in the laser position is 
achieved by monitoring the Raman spectrum in real time and adjusting the 
sample position in the x, y and z directions. Each sample was scanned 128 
times at 4 cm-1 resolution; all samples were analysed in triplicate.
9.2.5 D ata treatment:
FT-Raman spectra for myosin, myosin-lipid, myosin-hexanal systems were 
analysed in the following manner:
1 Buffer and deuterium  oxide spectra were subtracted.
2 The spectra were baseline corrected using a multi point base line
correction protocol ( Grams 32, Galactica, Salem, USA)
3 The spectra were normalised using the phenylalanine peak centred at
1004 cm-1.
4 The Amide I region (1600-1720 cm-1) was then truncated and peak fitted
to calculate the secondary structure consitituents w ithin the Amide I 
region using the Grams 32 peak fitting programme.
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5 The % secondary structure, that is a-helix, p-sheet, p-turns and random
coil (unspecified) structures were finally determined (Williams,1983).
% of 2° structure = area of 2° Structure x 100 
Area of Amide I
9.3 Results and discussion
9.3.1. M yosin, m yosin-lipid and m yosin-oxidised lip id  systems
The Amide I region of fish myosin exhibited a maximum at 1660 cm*1 
together with some shoulders (Fig 9.1). Deconvolution of the Amide I region 
showed several dom inant bands at 1682±5 for the p-turns, 1670±5 for p-sheet 
structure, 1660±3 cm*1 for unspecified structure, 1650±5 cm*1 for a-helix 
structure, 1642±5 cm4 for H 20  bending vibrations and finally 1632+3 cm-1 
for low frequency p-sheet structure (Fig 9.1a). Other aromatic amino acid 
residue signals were present around 1600 cm-1 region of the Amide I band. 
FT-Raman spectrum provided useful information regarding the amino acid 
constituents of myosin including tyrosine, tryptophan and phenylalanine 
(Phe) (table 9.1). The Phe peak at 1004 cm*1 was used for the normalisation of 
the spectra as it is insensitive to the microenvironment (Alix et at, 1988).
C-H stretch regions for the aliphatic amino acid residues were observed in 
the region of 2992 cm*1 w ith a shoulder at 2936 cm*1. This vibration is 
attributed to the CH, CH2 and CH3 vibrations of the side chains of aliphatic 
amino acid residues (Howell et ah, 1999; Careche & Li-Chan, 1997). Howell 
et al., (1999) showed that the CH stretch band centred at 2992 cm4 may be 
attributed to various amino acids, such as cysteine (sulphur containing) and
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asparagine (acidic) in addition to the previously known strong aliphatic 
signals and m edium  aromatic signals (Howell et al., 1999).
Intensity  cm'1
Figure 9.1: Fresh myosin FT-raman spectrum. The peak assignments are 
for the main signals of the myosin molecule; are shown in 9.1
Figure 9.1a: Amide I region; the peaks were fitted after 
deconvoluting the Amide I region, a-helix (1653-1658 cm-1); 13- 
sheet (1668-1675 cm-1); p-turns (1680-1699 cm-1); random  coil (1660- 
1663 cm*1) and low frequency p-sheet is centred at 1635 cm-1.
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Table 9.1: Tentative assignm ents of some FT-Raman signals for m yosin
Wave Number 
region (cm1)
Assignm ents
2992 (Sh)a CH stretch, Aliphatic
2935.8 (Sh)a CH stretch Aliphatic
2877.6 (Sh)a CH stretch, Aliphatic
1660 (vs) H20 , Amide I
1449.3 (vs) 5a s C H 3, , 8 C P I2 , 8 C H
1426.6 (sh) Asp, Glu, Lys
1402 (w) vs coo- ( Asp, Glu)
1339.6 (m) 8 CH
1128 (w) vCN, vCC, (Protein back bone
1004.5 (m) C-C ring stretch (Phenylalanine)
947.8 (m) vCC (a-Helix)
908.3(s) vCC
856.3 Tyr
824.9 (m) Tyr
763.6 (m) Trp
a: Shoulder, vs: very strong; s:strong, m: medium; w: weak, v: Stretching; 
vs: Symmetric vibration; 8: Bending; 8as: Assymetric Bending.
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9.3.2 M yosin, m yosin-lipid and  myosin-hexanal systems
FT-Raman spectra for fish myosin and myosin-EPA system provided useful 
secondary structure information. The Amide I band (Fig. 9.2) of frozen 
myosin and frozen myosin-EPA system decreased compared to the control 
myosin. This was elaborated further by the determination of the amide I 
components, that is the secondary structure conformations of myosin. 
Alpha-helix (%) (Fig.9.5) was lower for myosin-EPA system compared to the 
control myosin. After freezing the a-helix content for both myosin and 
myosin-EPA systems was lower than the fresh control myosin. Frozen 
myosin-EPA depicted a lower a-helix content compared to the frozen 
myosin control. This indicated that the presence of EPA had a a-helix 
destabilising effect. These changes were accompanied with a marked 
increase in the content of p-sheet (Fig. 9.6) for the fresh myosin-EPA 
compared to the control myosin (unfrozen). The decreased level of a-helix 
was supported by the decreased area of the C-C stretching vibrations near 
940 cm4, which is characteristic of a-helix (Fig. 9.9). This increased level of 
p-sheet for the myosin-EPA system was noted throughout the frozen storage 
period. However after prolonged storage the % of p-sheet for myosin-EPA 
decreased consistently, whereas the control myosin showed lower p-sheet 
content than the myosin-EPA system.
The level of p-turns (Fig. 9.7) was lower for myosin-EPA system compared to 
the control myosin, p-turn (%) showed a decreasing trend with storage. 
After freezing; the level of p-turns for myosin-EPA was higher compared to 
the fresh (unfrozen) myosin-EPA, although control myosin depicted a higher 
p-turn content throughout the analysis. Changes in the random  coil 
structure (unspecific structure) (Fig. 9.8) were higher in myosin-EPA systems
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compared to the control myosin. Freezing denatured the myosin 
substantially as evidenced by the increased level of random  coil for both 
myosin and myosin-EPA, with more dramatic increase for myosin-EPA 
system after 63 days of frozen storage.
Changes in the secondary structure conformation of proteins was indicative 
of the state of the protein in the given environment of the macromolecule. 
As discussed previously, hydrogen bonding plays an im portant role in 
preserving the nativity of a protein. It was shown as early as 1951 by 
Pauling et al., that hydrogen bonding is involved in the interaction between 
amino acids that form the secondary structure conformation, that is between 
C =0 and N-H. It follows that disruption of hydrogen bonds as a result of 
interaction w ith EPA, DHA, hexanal or fish oil together w ith freezing causes 
the native secondary structure of myosin to destabilise.
The Amide I region for myosin, myosin-DHA, myosin-oxidised and myosin- 
hexanal is shown in figure 9.12. The component domains of the Amide I 
region were altered similar to that of M-EPA system. The a-helical structure, 
which is the m ost abundant structure in myosin decreased dramatically and 
consistently in the presence of EPA, (Fig. 9.5), DHA, oxidised DHA and 
hexanal (Fig 9.18). This was accompanied by higher p-sheet structure for 
myosin-hexanal, however the myosin-DHA and myosin-oxidised DHA 
depicted more or less the same p-sheet content to the control myosin (Fig 9.6 
and 9.19). The content of p-turn increased for myosin-hexanal, myosin-DHA 
and myosin-oxidised DHA compared to the control myosin (Fig. 9.20). 
Random coil content was also increased for myosin-hexanal, myosin-DHA 
and myosin-oxidised DHA compared to the control myosin (Fig. 9.21). 
Freezing does contribute towards the destabilisation of the muscle proteins 
as described earlier (chapter six) and by other workers (Howell and Badii, 
2000; Mackie, 1993; Matsumoto, 1980; Sikorski et al., 1976). Therefore both
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the presence of lipids, their oxidation products and freezing induced 
secondary structural changes in myosin. It was previously observed that 
during frozen storage and gelation process a-helix dissociates (Ogawa et al., 
1996; Ogawa et al., 1999); w ith a concomitant increase in p-sheet and 
unspecific structures (Figs. 9.6, 9.8 and 9.21). Instability of myosin leading to 
the unfolding of the a-helix was shown in the light meromyosin (LMM) 
subfragm ent (Ogawa et al., 1995). Electron microscopy studies have shown 
that the myosin molecule at high ionic strength (0.5 M KC1 at pH  6.0) tended 
to aggregate via intra molecular and inter molecular associations of the 
myosin heads (Yamamoto, 1990). These interactions involve hydrogen and 
hydrophobic bonding. The lipid-water interface of the system has a 
profound effect on the structure and stability of the myosin (Cheeseman and 
Davies, 1954). Myosin unfolded partially at the interface w ith the EPA and 
DHA. The intramolecular hydrogen bonds of myosin were broken during 
this process yielding additional sites for intermolecular interaction between 
myosin and either lipid or lipid oxidation products. These newly freed 
interaction sites may also be used for intra-molecular interaction between the 
myosin residues to form alternative secondary structures, in this case the 
formation of p-sheet. After a period of freezing the myosin molecule became 
elastic and viscous; especially in myosin-lipid systems compared to the 
control myosin; this was m ade feasible due to the presence of additional 
interactions between proteins and lipids via electrostatic and hydrophobic 
interactions. The formation of additional bonds is im portant since w ater 
molecules in the system normally compete for hydrogen bonding (Kauzman, 
1959), the presence of electrostatic and hydrophobic bonds influence the 
normal protein conformation to be destabilised. The hydrophobic 
interactions between EPA, DHA and myosin altered the native myosin 
secondary structure conformation by decreasing the intra-molecular bonds 
(Hardesty and Mitchell, 1963).
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FT-Raman spectra (Figs 9.3 and 9.13) show the CH bending signal at 1450 
cm4 . The intensity of this signal showed some changes after frozen storage, 
however the difference between the control myosin and myosin-EPA system 
was clear after frozen storage (Figs 9.10 and 9.23). Lippert et al. (1976) and 
Areas et al. (1989) suggested that information can be obtained from 
hydrophobic C-H moiety and its environment by m easuring the "C 
parameter" defined as the relative intensity of the methylene deformation 
observed at 1450 cm4 . According to Lippert et al, (1976) increase in the C 
parameter was indicative of the exposure of CH2 groups tow ards the outer 
polar environment, whereas lower C values could mean hydrophobic 
interactions between the CH2 groups.
The spectra for the CH stretch band (Fig. 9.4) at 2950±5 cm4 did not show 
any notable difference apart from slight shift of the eight months old myosin- 
EPA system to a lower wave number. However the addition of 10% lipid to 
the myosin (w /w ), myosin-DHA, myosin-oxidised DHA and myosin- 
hexanal decreased the intensity of CH stretch band (Fig. 9.17).
C-H stretching and deformation bands of aliphatic amino acids appear in the 
2800-3032 nm  (Figs. 9.4 and 9.17) and 1480-1415 nm  regions (Fig. 9.13) of the 
spectra respectively. C-H stretching vibrations include fundam ental C-H 
stretching vibrations, overtones of various C-H stretching vibration and 
Fermi resonance between C-H stretching and C-H deformation bands. Many 
bands appear in the region of 2800-3035 cm4 due to the overtone and 
resonance interaction. Bands at 2900, 2940, 2980 cm4 has been assigned to 
CH2 symmetric, CH2 asymmetric and CH3 asymmetric stretching vibrations 
respectively (Parker, 1983; Li-Chan et al., 1994; Howell et al, 1999).
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C-C stretch which is due to the a-helix spectra (Fig. 9.9) showed that the 
band signal decreased consistently for frozen samples in the presence and 
absence of EPA. The level of a-helix content according to this signal was 
again lower in myosin-EPA system compared to the control myosin, similar 
to the a-helix content (%) calculated from the Amide I region. The level of C- 
C vibrational stretching region was lowered for myosin-DHA compared to 
the control myosin, the myosin-hexanal showed slightly increased C-C 
stretching vibrations, whereas myosin-oxidised DHA did not show notable 
change (Fig. 9.22). This increase is possibly due to some part of the myosin 
molecule being aligned in parallel w ith the acyl chain of the hexanal 
molecule, thereby achieving an ordered arrangem ent and thus the a-helix 
structure was preserved from denaturation (Martin et al., 1991).
The tyrosine doublet ratio (I850cm-i/l830 cm-i) gave an indication of the state of 
the hydrophobic amino acids which are normally buried w ithin the internal 
region of the protein. The intensity of the ratio of >1 of tyrosine doublet 
band ( Is5o /l83o) suggests exposed tyrosine residues on the protein surface 
thereby facilitating hydrogen bonding with lipids and w ater molecules as a 
donor or acceptor of hydrogen atoms (Fig. 9.25). Similar information can be 
deduced from the relative intensity of Trp band (Fig. 9.16), which decreased 
in myosin-EPA and myosin-DHA system indicating exposed tryptophan 
residues (Fig. 9.11).
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9.4 Concluding remarks
• FT-Raman spectroscopy can provide useful information on the secondary 
structure alterations as well as hydrophobic regions of ihe proteins due to 
freezing or PUFA modification.
• Alpha-helix content decreased due to freezing and the addition of PUFA 
and their oxidation products. This change was concomitant w ith the 
increased content of beta-sheet and random  coil.
• The hydrophobic groups of myosin were exposed to the outer region of 
the molecule, as evidenced by the decrease in the CH stretch region, 
increase in the tyrosine doublet ratio and decrease in the tryptophan 
signal.
The effect of frozen storage on the lipids and protein of cod and haddock NA Mussa 255
Chapter nine: Myosin secondary structure changes: FT-Raman spectroscopy study
Wave num ber (cm 1)
FMyo2
Figure 9.2: Amide I region for fresh myosin B; fresh myosin-EPA 
B; myosin stored at -10°C for eight months B; Myosin-EPA stored 
at -10°C for eight months B .
W ave num ber (cm-1)
Figure 9.3: 5CH, 8CH2 and 8CH3 vibrational modes for fresh 
myosin B ; fresh myosin-EPA B ; myosin stored at -10°C for eight 
months B; Myosin-EPA stored at -10°C for eight months B .
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Relative
intensity
Wave num ber (cm*1)
Figure 9.4: CH stretch region for fresh myosin B ; fresh myosin- 
EPA ■ ; myosin stored at-10°C for eight months B ; Myosin-EPA 
stored at -10°C for eight months ■  .
Figure 9.5: Alpha-helix (%) in fresh and frozen 
myosin (■ ) and myosin-EPA system (1%, w /w ) (■ ).
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 257
Chapter nine: Myosin secondary structure changes: FT-Raman spectroscopy study
Figure 9.6: p-sheet structure (%) in fresh and frozen 
myosin ( • )  and myosin-EPA system (1%, w /w ) (■ ).
Figure 9.7: p-turn structure (%) in fresh and frozen 
myosin (■ ) and myosin-EPA system (1%, w /w )
The effect of frozen storage on the lipids and proteins of cod and haddock NA Mussa 258
Chapter nine: Myosin secondary structure changes: FT-Raman spectroscopy study
50 n
0 .0 21 21 63 63 240 240
Storage period at -10°C (days)
Figure 9.8: Random coil (%) in fresh and frozen myosin 
(H) and myosin-EPA system (1%, w /w ) (■ ).
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Figure 9.9: C-C symmetric stretch area due to a-helix in 
fresh and frozen myosin (■ ) and myosin-EPA system 
(1%, w /w ) (■ ).
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Figure 9.10: 8CH, 8CH2 bend and 8CH3 anti-symmetric 
stretch band signals at 1449 c m 1 for fresh and frozen 
myosin (B ) and myosin-EPA system (1%, w /w ) (B).
Figure 9.11: Tryptophan band area in fresh and frozen 
myosin (B ) and myosin-EPA system (1%, w /w ) (B).
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Figure 9.12: Amide I band myosin ®; myosin-DHA (10%, 
w /w )® ; myosin-oxidised DHA; Myosin® and m-hexanal®, 
(10% w / w); stored at -10°C for eight weeks.
W ave N um ber (c™^1)
Figure 9.13: 8CH, 8CH2, 8CH3 vibrational modes for fresh 
Myosin ®; myosin-DHA (10%, w /w )® ; myosin-oxidised 
DHA; Myosin® and m-hexanal®, (10% w /w ); stored at -10°C 
for eight weeks.
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Figure 9.14: Dityrosine bands for myosin B; myosin-DHA 
(10%, w / w )B ; myosin-oxidised DHA; myosinB and myosin- 
hexanalB, (10% w /v); stored at -10°C for eight weeks.
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Figure 9.15: C-C band for B Control myosin; B Myosin-DHA; B 
myosin-oxidised-DHA ;and B Myosin-hexanal, (10% w /w ); 
stored at -10°C for eight weeks
t-------------- r
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Wave N um ber (cm*1)
Figure9.16: Tryptophan band for myosin B; myosin-DHA 
(10%, w/w)B; myosin-oxidised DHA; Myosin B  and 
m-hexanal B, (10% w /v); stored at -10°C for eight weeks.
Relative
intensity
W ave N um ber (cm*1)
Figure 9.17: CH stretching region for Myosin B ; myosin-DHA 
(10%, w/w)B; myosin-oxidised DHA; Myosin B and m- 
hexanalB, (10% w /v ); stored at -10°C for eight weeks.
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Figure 9.18: Bar charts to show % of a-helix change in
myosin, myosin-hexanal, myosin-DHA and myosin-oxidised 
DHA
11
M yosin  M -H exan a l M -D H A  
sample
M -O X-DH A
Figure 9.19: Bar charts to show % of p-sheet change in
myosin, myosin-hexanal, myosin-DHA and myosin- 
oxidised DHA
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Figure 9.20: Bar charts to show changes in % of p-turn change 
in myosin, myosin-hexanal, myosin-DHA and myosin- 
oxidised DHA
Figure 9.21: Bar charts to show % of random  coil change in 
myosin, myosin-hexanal, myosin-DHA and myosin- 
oxidised DHA
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Figure 9.22: Bar charts to show change in the area of C-C 
band in myosin (M), myosin-hexanal, myosin-DHA and 
myosin-oxidised DHA .
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Figure 9.23: Bar charts to show changes in CH in myosin 
(M), myosin-hexanal, myosin-DHA and myosin-oxidised 
DHA *
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Figure 9.24: Bar charts to show change in the tryptophan area 
of myosin (m), myosin-hexanal, myosin-DHA and myosin- 
oxidised DHA
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Figure 9.25: Bar charts to show tyrosine doublet band 
centered at 850±5 and825±5 c m 1 change in myosin, 
myosin-hexanal, myosin-DHA and myosin-oxidised 
DHA
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10. FINAL DISCUSSION, CONCLUSION AND  
FUTURE WORK
10.1 D iscussion
Frozen cod and haddock tissue deterioration was primarily studied in order 
to understand the underlying causes of protein denaturation and muscle 
toughening. The choice of these two species was due to the fact that cod 
(Gadus morhua) is a formaldehyde producing gadoid species and haddock 
(Melanogrammus aeglefinus) is classified as a gadoid species which produces a 
small am ount of formaldehyde (Badii & Howell, 2000; Howell & Shavilla, 
1996; Mackie, 1993). Since both species undergo substantial protein 
denaturation and deconformation as shown in the previous chapters, 
formaldehyde may not be the m ain cause of protein denaturation during 
frozen storage. This study points to a major contribution of ice crystal 
formation and lipid oxidation products to muscle toughening. The following 
were the findings of this project, which clarify certain aspects of protein 
denaturation and lipid deterioration during frozen storage of Gadus morhua 
and Melanogrammus aeglefinus (Fig. 10.1).
10.1.1 Ice crystal formation
Ice crystals play a major role in protein denaturation and lipid oxidation of 
Gadus morhua and Melanogrammus aeglefinus durting frozen storage. As 
shown in chapter three increased ice crystal size caused mechanical rupture 
of the muscle proteins; fragmented muscle fibres were indicative of 
dehydration, which further exacerbated the native environment of muscle 
proteins and lipids. Supercooled intracellular spaces allows certain enzyme 
activities to take place which facilitates phospholipid hydrolysis (Fernandez-
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Reirz et al., 1995) and the catalysis of lipid oxidation processes. Decrease in 
muscle water content led to increased concentration of solutes, leading to 
further changes in ionic strength and pH  of the muscle system, which caused 
protein denaturation and dissociation. In addition dehydration or removal 
of water molecules effectively stripped off the hydration shell of the protein, 
thereby reducing hydrogen bonds, which are much needed for the native 
structural stabilisation of the protein (Khmelnitsy, 1991) hence once removed 
the protein is destabilised. It also follows that removal of the hydration shell 
allows proteins to form intermolecular interactions, such as S-S bonds which 
lead to the formation of aggregates (Matsumoto, 1979; Martino, 1999; Badii & 
Howell, 2000). Therefore freezing affects both the fish organoleptic quality 
and economic value, as the w eight of the fillets is reduced w hen frozen fish 
is thawed.
10.1.2 Lipid oxidation processes in Gadus morhua and Melanogrammus 
aeglefinus
Lipid oxidation products are higher in fish fillets stored at -10°C relative to 
the fillets stored at -30°C. This was caused by increased am ount of 
supercooled w ater in the fish tissues stored at -10°C compared to the 
matching fillets stored a t -30°C. Higher w ater activity facilitates lipid 
oxidation, which occurs due to increased activity of enzymes, such as 
lipoxygenase, lipases and phospholipases (Saeed and Howell, 2000; Shewfelt,
1981). PUFA are the m ost abundant fatty acids in fish tissues. H igh lipolysis 
activity in Gadus morhua and Melanogrammus aeglefinus muscle stored at 
-10°C increased the level of polyene fatty acids compared to the control fish 
samples stored at -30°C. However the % decrease of docosahexaenoic acid 
due to oxidation increased w ith prolonged storage period.
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The specific lipid hydroxides formed during storage were detected using 
HPLC. 13-HODA trans-cis was the m ost abundant conjugated diene (CD) 
hydroxide isomer in the lipids of both Gadus morhua and Melanogrammus 
aeglefinus. After five months of storage other CD isomers were also visible in 
the chromatogram in addition to the previously observed CD isomers; they 
include 9-HODA trans-cis and 13-HODA trans-trans (Fig. 4.5 and 4.6). The 
level of PV and CD decreased after a prolonged storage period, that is after 
five months of storage a t -10°C. This was attributed to the conversion of the 
prim ary lipid oxidation products into secondary lipid oxidation products 
such as malondialdehyde (MDA) and interaction of hydroperoxides w ith 
other fish muscle components such as proteins and amino acids.
Preliminary studies indicated an interesting lipid oxidation finger printing 
m ethod which involved the analysis of the loss of protons in the olefinic and 
allylmethylene regions of fish oil using H 1 NMR. The results showed a 
consistent decrease of olefinic and allylmethylene protons of both Gadus 
morhua and Melanogrammus aeglefinus, even after up to one year of storage. 
This is im portant technique which can be used to follow lipid oxidation of 
fish oil non-invasively. The effect of various antioxidants in reducing 
oxidation was also investigated and showed the effectiveness of this m ethod 
in finger printing lipid oxidation in fish oil of cod , haddock and possibly 
other fish species.
It is necessary to use a num ber of techniques to monitor lipid oxidation 
products, in this study several m ethods were investigated including PV, 
conjugated diene, TBARS, NMR and FT-Raman spectroscopy.
The use of FT-Raman spectroscopy allowed the fingerprinting of lipid 
oxidation in fish oils, due to the changes observed in the ratio of C=C /C H 2. 
FT-Raman spectroscopy is particularly useful since C=C gives a strong
The effect of frozen storage on the lipids and proteins o cod and haddock NA Mussa 270
Chapter ten: Discussion, conclusion and future work
Raman signal at the region 1700-1620 cm-1. The level of C=C content 
(C=C:CH2) decreased due to prolonged frozen storage, this change was more 
pronounced for Gadus morhua and Melanogrammus aeglefinus stored at -10°C 
compared to the control samples at -30°C. The main cause for a decreased 
ratio of C=C/CH 2 is the oxidation of PUFA and formtion of alkoxy radicals 
which eventually reduce the num ber of C=C present in the PUFA.
It can be generalised thus, the analysis of CD using HPLC, olefinic protons 
using 1HNMR and the ratio of C=C /C H 2 offer a more detailed and 
promising lipid oxidation monitoring parameters compared to the 
traditional PV and TBARS.
10.1.3Changes in protein conformation of intact Gadus morhua and 
Melanogrammus aeglefinus muscle
DSC thermograms for both cod and haddock muscles indicated a multi-state 
process, in the sense that the proteins in the system denatured in a sequential 
manner. Changes in Tm and AH can be explained on the basis of protein 
conformation alterations as a result of storage period and freezing 
temperature. The first transition for cod muscle had an increased Tm value at 
-10°C. As explained earlier this transition is composed of mainly myosin 
and collagen. Peak fitting of the main transitions fragmented the multi-state 
transition into several single state transitions, which were assigned to 
different myosin subfragments (Fig 6.4 and 6.17). Tm value for both cod and 
haddock muscles has shifted after frozen storage. The different muscle 
proteins behaved differently, that is some proteins showed an increasing 
trend in Tm values throughout the storage period (Figs. 6.12, 6.23 and 6.24) 
where as in other samples, Tm value only increased after thirteen months of
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storage (Fig 6.10 and 6.12). Increased Tm values compared to the fresh 
sample possibly arose due to protein-protein interaction taking place 
between fish proteins. Protein-protein interaction leads to the development 
of aggregates. Hence after prolonged storage the level of aggregation 
intensified resulting in Tm value (6.10 and 6.12); (Tejada et ah,1996; Badii & 
Howell, 2000). Other proteins showed decreased Tm values after frozen 
storage. The newly formed bonding in the system, as result of the 
rearrangem ent of the native bonding may be contributing towards the higher 
Tm values detected in this transition. Decrease in Tm values is possibly due to 
weakening of the stabilising forces that kept the proteins intact (Fig. 6.9). 
The reason for the Tm being higher at -10°C compared to that of -30°C is that 
proteins at -30°C possibly did not interact or aggregate as much as the 
samples stored at -10°C.
The enthalpy (AH) decreased in samples stored a t ~10°C whereas slightly 
increased AH values were observed in fillets stored at -30°C. A decrease in 
AH may be attributed mainly to the effect of water-protein interactions. 
Privalov et al. (1989) showed that changes in AH can be explained by the 
hydration of non-polar groups which are exposed to w ater upon the 
denaturation of a compact protein conformation. This argum ent is 
supported by the increased hydrophobicity observed in cod and haddock 
fillets stored at -10°C compared to matching fillets stored at -30°C (Badii 
and Howell, 2000).
Protein denaturation and conformational changes were induced by the 
formation of ice crystals in both samples stored at ~10°C and -30°C, which 
led to the distortion of the hydration shell that surrounds the protein 
molecules. Once the hydration shell is displaced by stripping off the water 
molecules from the surface of the protein molecules, the native conformation
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is sequentially distorted (Khmelnitsy, 1991). This affects the H-bond 
arrangem ent in the protein micro-environment.
Increased AH value may be due to increased H-bonding between the 
surrounding environment and proteins (Figs. 6.13, 6.14 and 6.16). On the 
other hand it may be the case that at low water content the hydration shell is 
non-uniformly distributed in some of the proteins in the muscle system or 
may have been localised in some proteins upon denaturation. In effect this 
may have led to restricted types or am ount of proteins undergoing complete 
thermal denaturation (Luescher et al., 1974, Hagerdal & Martens, 1976), thus 
giving rise to higher or lower AH values.
Water loss as a result of prolonged storage is one of the contributing factors 
towards protein denaturation and aggregation. Furthermore, freezing leads 
to the alteration of the native protein structure due to the interaction of the 
protein w ith ice crystals, increased solute concentration and lipid oxidation 
products (Taborsky, 1979). In addition, frozen storage at -10°C and -30°C 
allows ihe water molecules in the muscle system to become extensively 
hydrogen bonded, hence the water becomes a highly ordered structure and 
the entropic advantage of buried hydrophobic groups is reduced at frozen 
temperatures. This reduces the hydrophobic interactions involved in the 
protein integrity and nativity; eventually the protein is cold denatured as the 
hydrophobic groups are exposed w hen the compact conformation of the 
protein is unfolded (Privalov, 1990; Franks, 1995; Taborsky, 1979). Thus 
freezing in general compromises the stabilising hydrophobic interactions by 
partially replacing them w ith hydrogen bonding.
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10.1.4 Secondary structural changes and hydrophobic groups in  intact 
muscle
In cod muscle the level of a-helix content decreased after five m onths of 
storage at -10°C; however this trend did not persist in the subsequent 
samples that were stored up to thirteen months at -10°C (Fig. 7.13). Cod 
muscles stored at -30°C depicted a consistently decreasing level of a-helix. 
The level of a-helix for haddock samples stored a t -10°C also decreased 
consistently throughout the storage period, whereas samples stored at -30°C 
did not show pronounced changes after nine months of storage; however a 
more pronounced drop in a-helix content was noted after thirteen months of 
storage at -30°C. Denaturation of muscle proteins was accompanied by an 
increase in p-sheet structure for both cod and haddock. A similar pattern 
was observed for hake tissues (Careche et al, 1998). The mechanism for the 
formation of p-sheet during protein denaturation is thought to be by folding 
of the polypeptide chains or by hydrogen bonding of adjacent polypeptide 
chains, between C = 0  and NH  groups (Carmona et ah, 1988; Careche et ah,
1999).
Changes in the hydrophobic groups during frozen storage were monitored 
by following the changes in Trp and Tyr bands in the FT-Raman spectra of 
frozen Gadus morhua and Melanogrammus aeglefinus muscle. The level of trp 
decreased progressively for both cod and haddock, however the level of 
decrease for haddock was less than that for cod. Aliphatic residues (CH3, 
CH2, and CH at 1450 cm*1) for haddock muscle decreased at both -10°C and -  
30°C, however in cod fillets the aliphatic residues did not change 
consistently. The level of hydrophobic residues exposed to the outer surface 
of the protein is increased during the denaturation process as evidenced by 
the trp  band being reduced (Figs. 7.19 and 7.39). These results are consistent
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w ith the increased surface hydrophobicity of frozen cod and haddock fillets 
(Careche et ah, 1998; Badii & Howell 2000).
A decrease in the area of the aliphatic residue band centred at 1450 c m 1 
confirms the contribution of hydrophobic interactions to form protein 
aggregates. The involvement of hydrophobic interaction in the formation of 
aggregates has long been speculated by several workers including Ang & 
H ultin (1989) and has been confirmed by Badii and Howell (2000).
10.1.5 Changes in protein conformation by PUFA and freezing: A DSC 
study and ELISA
Tm and AH provided a direct information regarding the overall 
conformational change of proteins and protein-lipid systems. Perturbation 
to the native structure of myosin was evidenced by shifts in these two 
thermodynamic parameters. Native myosin subfragments namely, the 
hinge, LMM and HMM underw ent conformational changes due to cold (4°C) 
and frozen storage. Conformational changes of myosin have been described 
as setting by several workers, as freezing induces gel formation of the 
molecule (Chan and Paulson, 1992; Niwa et al., 1980). Changes in myosin are 
believed to be related to the sulfhydryl group of the molecule, specially those 
SH groups positioned in the light chain around the head region of myosin. 
In the model system used, myosin was exposed to fatty acids and their 
oxidation products; as a result the macromolecule underw ent rapid 
reversible monomer-dimer equilibrium (Godfry and Harrington, 1970; 
Shenouda, 1980). After prolonged storage, the myosin molecule dissociated 
into smaller subunits, a heavy core and light components (Shenouda, 1980). 
Eventually prolonged exposure to salt and the fatty acids lead to the
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aggregation of the light chains of myosin. The heavy chains are first to form 
insoluble complexes (Fig. 8 .39).
The addition of PUFA and their oxidation products contributed to the 
denaturation and conformational alterations of myosin. PUFA interacted 
w ith myosin and formed lipoprotein complexes, which reduced the stability 
of myosin. This was achieved partly by the effect of freezing on the protein- 
lipid system. Freezing increased the divalent cations of myosin as well as 
enhanced protein-lipid interaction (Shenouda, 1980). This was possible since 
frozen myosin has an increased level of hydrophobicity (Badii & Howell,
2000), which facilitates the formation of hydrophobic bonding between 
myosin and lipids, as evidenced by reduced AH after frozen storage. Other 
types of forces are not excluded in the protein-lipid complexes. Sikorski et 
al., (1976) postulated that fatty acids attach to the myosin both via 
hydrophobic and hydrophilic interactions to an appropriate spot on the 
myosin surface; however the exact mechanism is not clear. After prolonged 
storage myosin unfolds and more hydrophobic residues are exposed and 
consequently other types of bonding such as ionic and H-bonding are 
replaced w ith hydrophobic interactions. Eventually myosin aggregates 
irreversibly.
Reduced immune reactivity of the myosin-lipid systems towards the myosin 
antibody compared to the control native myosin indicated conformational 
changes of the myosin. The lipids, namely DHA, EPA and fish oil facilitated 
the deconformation of the antigenic epitopes in myosin, which are normally 
recognised by tine paratope of the myosin antibody.
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10.1.6 Secondary structural and hydrophobic groups change of m yosin due 
to freezing, PUFA and  their oxidation products
FT-Raman spectroscopy can provide useful information on the secondary 
structure alterations as well as hydrophobic regions of the proteins due to 
freezing or PUFA modification.
The a-helical structure which is the m ost abundant structure in myosin 
decreased dramatically and consistently in the presence of EPA, DHA, 
oxidised DHA and hexanal. This was accompanied by higher p-sheet 
structure in myosin-EPA, myosin-DHA and myosin-hexanal systems 
compared to the control myosin. Therefore both the presence of lipids, their 
oxidation products and freezing induced secondary structural changes in 
myosin, a-helix content decreased due to freezing and the addition of PUFA 
and their oxidation products. This change was concomitant w ith the 
increased beta-sheet and random  coil content (%).
The hydrophobic groups of myosin were exposed to the outer region of the 
molecule, as evidenced by the decrease in the CH stretch region, increase in 
the tyrosine doublet and decrease in the tryptophan signal.
Myosin unfolded partially at the interface with the EPA and DHA. The 
intramolecular hydrogen bonds of myosin were broken during this process 
yielding additional sites for intermolecular interaction between myosin and 
either lipid or lipid oxidation products. These newly freed interaction sites 
may also be used for intra-molecular interaction between the myosin 
residues to form alternative secondary structures, in this case the formation 
of p-sheet. After a period of freezing the myosin molecule became elastic 
and viscous; especially in myosin-lipid systems compared to the control
The effect of frozen storage on the lipids and proteins o cod and haddock NA Mussa 277
myosin; this was m ade feasible due to the presence of additional interactions 
between proteins and lipids via electrostatic and hydrophobic interactions.
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Freezing of Gadus morhua and Melanogrammus 
aeglefinus muscle at -10°C and -30°C
ftft Ice crystal formation
Oft dehydration
U Water molecules available
for protein  hydration
I
Exposed p ro te in : unhydrated
U nfolding of protein and 
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Figure 10.1: Flow diagram to show change in protein of frozen Gadus morhua 
Melanogrammus aeglefinus at -10°C and -30°C.
ft increase; It decrease
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10.1 Main conclusions
Freezing leads to the oxidation of PUFA in both Gadus morhua and 
Melanogrammus aeglefinus, thereby rendering them ineffective as a dietary 
source of co-3 fatty acids.
aH NMR and FT-Raman spectroscopy can provide detailed and less labour 
intensive lipid oxidation finger printing parameters, which can be used to 
monitor fish lipid oxidation.
The protein components of Gadus morhua and Melanogrammus aeglefinus were 
denatured by the action of ice crystals, lipid hydroperoxides and adehydes. 
The secondary structure of both Gadus morhua and Melanogrammus aeglefinus 
were altered due to frozen storage, in general a-decreased, p-sheet and 
random  coil increased.
Storage at -30°C is more effective in preserving the native conformation of 
the proteins and in delaying lipid oxidation than the storage at -10°C. The 
addition of antioxidants was also effective in delaying lipid oxidation. 
Protein denaturation by ice crystal formation may be avoided by the 
addition of antifreeze proteins or cry protectants.
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10.3 Future work
Fish oil extraction
The use of super critical fluid extraction technology for lipid extraction from 
fish fillets may facilitate the reduction of artefact lipid oxidation in the 
process of lipid extraction.
Lipid-protein interaction
Analysis of lipid-Protein systems using Solid sate NMR so as to elucidate the 
positions and type of interaction between lipids and proteins (Areas et 
a l,1998)
Raman spectroscopy analysis offish oils
The use chemometrics package to investigate the whole fish oil Raman 
spectra to elaborate other regions of the spectra which may be showing 
changes as a result of freezing tem perature or storage period.
Secondary lipid oxidation products determination
The m easurem ent of flourescent com pund that is specific parameter of lipid 
oxidation products (Holley et ah,1993).
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